
large intersite ferromagnetic interaction predicted by LSDA is also was shown to be an artifact. Thus, the 
observed RTFM in MgO cannot be explained by a simple model where magnetic interactions between 
hole centers, in their ground state, percolate through the sample. But, in 2014 Choudhury’s [9] again 
showed that RTFM is expected to be arising from Mg vacancies which induce spin polarization of 2p 
electrons of the oxygen atom and result in ferromagnetism. In the next year, Merabet et al. [25] shown 
that there is a significant polarization energy gain resulting from the oxygen atoms of nearest neighbors 
of the cation vacancy and making it ferromagnetic. If the authors refer to the results obtained with the 
LSDA approximation, these defects are responsible for the appearance of localized electronic states may 
change forbidden bandwidths which give rise to the magnetic moments. In 2018 Khamkongkoe et al. 
[26] once more confirmed that RTFM in the NPs caused by the induction of magnetic moment from the 
2p orbitals of the nearest O atoms surrounding the Mg vacancies. 
Very attractive conception concerns the presence of divacancies. In 2014 Choudhury’s [9] observed that 
defects play a prominent role in making the MgO nanoparticle an optically and magnetically active 
material. In MgO, the oxygen vacancies are present as color centers, or as dimmers of these color 
centers. These color centers create energy levels in the band gap of MgO and the trapped electron in 
these centers undergoes excitation on exposure to UV light. The authors have observed that although 
oxygen vacancies make MgO optically active, these vacancies have an opposite effect on the magnetism. 
In 2017 Pathak et al. [27] performed some positron annihilation lifetime measurements which indicate 
the presence of divacancy (2VMg + 2VO) cluster along with Mg vacancies at the low annealing 
temperature. An EPR study showed that MgO compound possesses both singly negative charged Mg 
vacancies and singly positively charged oxygen vacancies and the spins of both of these vacancies are 
ferromagnetically coupled. DFT calculation also showed that this dimer form has higher magnetic 
moment than the monomer.  
Thus, both Mg vacancy/divacancy and oxygen vacancy in MgO nanomaterials could promote the RTFM 
formation, and it is necessary to obtain new experimental data to improve the description of RTFM 
phenomenon.” 
 
 
Q#2: In the Graphical abstract, the Authors should add other details, (i.e., BET specific surface), that put 
in relation the magnetic results to the NPs features. 
A: In the Graphical abstract was added some information about BET specific surface areas and MgO 
contents. 
  
  
Moreover, there are some specific comments that the authors need to follow before acceptance for 
publication: 
 
Q1) Page 2: Please, clarify the sentence "The observed ferromagnetism in MgO nanoparticles was a 
subject of great interest because bulk magnesia is a diamagnetic material, what makes MgO NPs one of 
the most attractive model materials for the RTFM study" 
A1: CORRECTED as: ” It is known that bulk magnesium oxide (MgO) exhibits interesting properties, such 
as high symmetry of rock salt structure, a wide direct band gap of 7.8 eV [4] and the most common 
defects of V-type centers, which make it one of the most attractive model materials for investigating the 
RTFM [1].” 
 
Q2) Page 2: Insert a reference related to the following sentence: "It is known, that the main advantage 
of using nanoparticles (which have the largest specific surface area) over those of films is the more 
accurate determining of specific magnetization values of the materials." 
A2: CORRECTED as: “Nanoparticles, with their large surface-to-volume ratio, can be especially effective 
in producing various structural defects [3]. This is necessary to take in mind for the adequate 
comparison of data between samples prepared under different fabrication methods and synthesis 
conditions [6].” 
 



3) Page 2: Considering the following sentence: "Experimentally RTFM has been observed in undoped 
MgO nanoparticles preferable synthesized by wet chemical routes", complete with: (see Table 1) 
A3: CORRECTED. 
 
4) Page 2: Please, explain what the Author mean when they say: "the surface of such nanoparticles was 
not sufficiently clean"  
A4: CORRECTED as: “the surface of such nanoparticles could not sufficiently clean compared with NPs 
produced by gas-phase methods.” 
 
Q5) Page 3: Substitute "metal magnesium" with "metallic magnesium" 
A5: "metal" is corrected to "metallic". 
 
6) Page 4: Please, specify better the techniques that are used to evaluate the parameters listed in Table 
2, or move the Table in the "Results and discussion" section 
A6: In page 4 the text was corrected as: “Some parameters of the NPs synthesis, including metal feed 
rates, gases flow rates, and corresponding collection zones are listed in Table 2.  
Table 2. Main properties of the Mg-O NPs. S - specific surface area obtained from BET measurements; 
<d> - mean particle size obtained from SEM micrographs; y – MgO content and a – MgO lattice 
parameter obtained from XRD data; σs – maximum specific magnetization (VSM, RT, 10 kOe).”  
 
 
7) Page 5: As concerns the BET measurements, specify the measurements conditions (i.e., time, 
temperature, minimum pressure in outgassing procedure) 
A7: In the text on page 5 was added the sentence: “No outgassing procedures were applied before the 
BET measurements.” 
 
8) Page 6: Correct: "collected in the main zone" with "collected in the main zones" 
A8: CORRECTED. 
 
9) Page 6: Considering the sentence: "In Figure 2a, NPs of about 50 nm in an average size is generally 
uniform cubes", please specify how the Authors evaluate the average size. From a first visual 
investigation, only the interval can be estimated.  
A9: In the text on page 5 written: “Particle size and morphology were investigated by scanning electron 
microscopy (SEM) using CARL ZEISS ULTRA PLUS. Electron micrographs were analyzed by Carl Zeiss 
AxioVision ver. 4.82 image processing software to calculate the average particle size ‹d› [22].” 
 
10) Page 6: Author refer to the "Particle size distribution", but it is not reported. Did the Author evaluate 
the particles size distribution by SEM images?  
A10: Yes, see A12. 
  
11) Page 6: The same consideration reported in point 9), but in relation to the average evaluation of the 
NPs of Figure 2b 
A11: See A9. 
 
12) Page 6: Considering the sentence "NPs (M), collected from the most remote zone (400 mm), has 
bigger average size with a roughed surface (Figure 2e)": in my opinion, from the SEM images of Figures 2 
c-d-e), (having a slight difference in the marker size, too) there is no relevant differences in the NPs 
dimensions collected from the three different zones. 
A12: To clarify this situation the particles size distributions evaluated by SEM images was added as the 
new Figures 3d, 3e, and 3f. 
 
13) Page 7: In the caption of Figure 2, please, report the letter representing the three main zones (M, T 
or C) 



A13: The letter representing the three main zones (M, T or C) was inserted in the caption of the new 
Figure 3. 
 
 
14) Page 8, Fig. 3 and Fig 4: In my opinion, it is better to graph the three XRD patterns not superimposed 
one each other, in order to see the differences 
A14: CORRECTED. 
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A B S T R A C T      

Cubic, terraced, and spherical Mg-MgO nanoparticles (NPs), ranging in average particle size from 30 

up to 80 nm, were prepared through vaporization and condensation of Mg metal in mix gas flow 

(argon + air) at conditions of the levitation-jet aerosol synthesis. These NPs were collected in three 

zones, located at different distances from an evaporator. Scanning electron microscopy (SEM), X-ray 

diffraction (XRD), BET measurements, UV-Vis, FT-IR, Raman, XPS, and vibrating-sample 

magnetometry (VSM) were used for characterized of NPs. The results indicated an essential effect of 

synthesis conditions on the nanoparticle properties. Room temperature ferromagnetism with the 

maximum magnetization of up to 0.65 emu/g was found in the nanoparticles. The maximum specific 

magnetization of the NPs depends on the value of specific surface area multiplied by oxide content in 

the form of two-peaks function. It was discovered a clear increase in the maximum magnetization of 

NPs, collected in the different zones, with an increase in the distance of these zones from the 

evaporator. It was suggested that the observed ferromagnetic ordering may be related to the Mg-

deficient defects on the surface of NPs. This suggestion was in agreement with the results of optical 

experiments, particularly, with an increase in the Raman peak intensities. In addition, XPS studies 

reveal an oscillating quenching dependence of the maximum magnetization on Mg 2p peak width 

value. It was also supposed that various values of the maximum magnetization origin from the 

different fabrication conditions promoting defects propagation on the surface of NPs. 

 
Keywords: 
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Room temperature ferromagnetism (RTFM) 
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1. Introduction 

Today there is a large number of reports on room temperature (RT) ferromagnetism (RTFM) 

in metal oxide semiconductors, those open new directions in the research field of such materials 

[1]. RTFM, reported in certain thin films and nanoparticles (NPs) of non-magnetic oxides, can 

be explained by the presence of defects on their surfaces [2]. While oxygen vacancy defects are 

believed to have a main effect on the ferromagnetic order in some oxide semiconductors, the 

origin of RTFM in insulators, such as MgO, is still unclear [3]. 
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It is known that bulk magnesium oxide (MgO) exhibits interesting properties, such as high 

symmetry of rock salt structure, a wide direct band gap of 7.8 eV [4] and the most common 

defects of V-type centers, which make it one of the most attractive model materials for 

investigating the RTFM [1]. Besides, MgO is one of many advanced engineering materials, that 

has been investigated intensively in recent years, because of their potential for various 

applications in medical and pharmaceutical products, toxic waste remediation, electronics 

industry, etc. [5].  

Nanoparticles, with their large surface-to-volume ratio, can be especially effective in 

producing various structural defects [3]. This is necessary to take in mind for the adequate 

comparison of data between samples prepared under different fabrication methods and synthesis 

conditions [6]. Experimentally RTFM has been observed in undoped MgO nanoparticles 

preferable synthesized by wet chemical routes (see Table 1). These findings have described a 

behavior of NPs only in the narrow range of average particle sizes (6-52 nm) with different 

maximum RT magnetization from 2 to 70 memu/g (Table 1), wherein, the surface of such 

nanoparticles could not sufficiently clean compared with NPs produced by gas-phase methods. 

The other mentioned methods also did not exclude the unwanted contact of nanoparticles with 

installation details before the synthesis process was finished. Because of that, there was difficult 

to estimate a role of the original surface in the RTFM evolution of the NPs.   

 

Table 1. Experimental observation of RTFM in undoped Mg-O NPs.  

Fabrication method Average particle 

 size, nm 

Maximum RT 

magnetization, memu/g  

Refs. 

Sol-gel  6-23 13 [7] 

24, 52 33 [8] 

Wet-chemical technology 12 2.6 [3] 

13 70 [9] 

17, 21, 25 8.3 [2] 

20-30 50 [10] 

22, 28, 32 2 [11] 

35 14 [12] 

Microwave-assisted co-precipitation 20 25 [13] 

Thermal decomposition of Mg(OH)2 50 (clustered) 2 [5] 

Polymer pyrolysis 25 35 [14] 

Vaporization-condensation in a glass balloon under 

reduced pressure 

15  13 [15] 

 

The currently available phenomenological and theoretical considerations related to the origin 

of RTFM in MgO nanomaterials are rather inconsistent.  
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Some authors suggested that RTFM behavior results from the oxygen vacancies at the 

surfaces of NPs. In 2011 Maoz et al. [16] studied highly defective nanosheets of MgO with 

RTFM. Using EPR experiments, they have confirmed that the material comprised strongly 

interacting spin clusters, concentrated along extended defects, possibly as unpaired electrons 

trapped at oxygen vacancies. In 2013 Mishra et al. [17] have established the direct correlation 

between the oxygen vacancy concentrations and the values of magnetization of MgO NPs. In 

2017 Qi et al. [18], using photoluminescence and theoretical analysis, revealed that the single 

charged oxygen vacancy plays an important role in mediating the RTFM in MgO ceramics. 

These authors explained ferromagnetic exchange coupling between oxygen vacancies either by 

direct exchange interactions between oxygen vacancies or by the mediation of conduction 

electrons. But already in 2009 Wang et al. [19], studying the electronic and magnetic properties 

of MgO bulk, thin films, and quantum dots and carrying out calculations by density functional 

theory, show that oxygen vacancies do not lead to magnetism in MgO independent of the 

concentration. In 2013 Rao et al. [13] confirmed that oxygen vacancies do not induce RTFM.   

The other authors suggested that RTFM behavior results from Mg vacancies. In 2009 Kumar 

et al. [11] have observed ferromagnetism in MgO NPs, which they attributed to Mg vacancies. In 

2013 Li et al. [20] and Mahadeva et al. [21] revealed that there exists a close correlation between 

the RTFM, the crystallinity, and the Mg vacancy concentrations in the MgO thin films. In 2017 

Guo et al. [22] observed the RTFM in Mg deficiency MgO film and decided that the RTFM 

should be related to Mg vacancy defects.  

Some researchers reported that though the bulk MgO was nonmagnetic MgO NPs showed 

RTFM, which probably originates due to the loss (Mg vacancies) of donor charge of O atoms, 

which will form the 2p holes at the surface of the nanomaterials (see Ref. [13]). Based on the 

first-principles calculations, still in 2009 Gao et al. [23] investigated defect induced magnetism 

in MgO and suggested that the induced magnetic moment indeed was due to the spin- 

polarization of 2p electrons of O atoms near Mg vacancies. They supposed that the RTFM in 

MgO nanomaterial is not only due to the vacancies of Mg but also the distribution/positions of 

the vacancies. In the same time, Wang et al. [19] established that spin polarization appears at the 

top of the valence band when introducing Mg vacancies so the local magnetic moments mainly 

arise from the 2p orbitals of the nearest O atoms. The formation energy of Mg vacancy decreases 

much with the dimension of the system decreasing and a larger concentration of Mg vacancies 

expectedly appearing. In the next year, Droghetti et al. [24] have shown that semilocal 

LSDA/GGA can lead to qualitative failures in their description of hole centers in MgO. 

Significantly, the large intersite ferromagnetic interaction predicted by LSDA is also was shown 

to be an artifact. Thus, the observed RTFM in MgO cannot be explained by a simple model 
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where magnetic interactions between hole centers, in their ground state, percolate through the 

sample. But, in 2014 Choudhury’s [9] again showed that RTFM is expected to be arising from 

Mg vacancies which induce spin polarization of 2p electrons of the oxygen atom and result in 

ferromagnetism. In the next year, Merabet et al. [25] shown that there is a significant 

polarization energy gain resulting from the oxygen atoms of nearest neighbors of the cation 

vacancy and making it ferromagnetic. If the authors refer to the results obtained with the LSDA 

approximation, these defects are responsible for the appearance of localized electronic states 

may change forbidden bandwidths which give rise to the magnetic moments. In 2018 

Khamkongkoe et al. [26] once more confirmed that RTFM in the NPs caused by the induction of 

magnetic moment from the 2p orbitals of the nearest O atoms surrounding the Mg vacancies. 

Very attractive conception concerns the presence of divacancies. In 2014 Choudhury’s [9] 

observed that defects play a prominent role in making the MgO nanoparticle an optically and 

magnetically active material. In MgO, the oxygen vacancies are present as color centers, or as 

dimmers of these color centers. These color centers create energy levels in the band gap of MgO 

and the trapped electron in these centers undergoes excitation on exposure to UV light. The 

authors have observed that although oxygen vacancies make MgO optically active, these 

vacancies have an opposite effect on the magnetism. In 2017 Pathak et al. [27] performed some 

positron annihilation lifetime measurements which indicate the presence of divacancy (2VMg + 

2VO) cluster along with Mg vacancies at the low annealing temperature. An EPR study showed 

that MgO compound possesses both singly negative charged Mg vacancies and singly positively 

charged oxygen vacancies and the spins of both of these vacancies are ferromagnetically 

coupled. DFT calculation also showed that this dimer form has higher magnetic moment than the 

monomer.  

Thus, both Mg vacancy/divacancy and oxygen vacancy in MgO nanomaterials could promote 

the RTFM formation, and it is necessary to obtain new experimental data to improve the 

description of RTFM phenomenon. 

In present work, we focused on the correlations between magnetic, structural, optical 

properties as well as XPS spectra of the Mg-O NPs. Since RTFM is strongly dependent on the 

method of NPs production (Table 1) we intended to obtain larger maximum magnetization 

values in Mg-O nanoparticles of the different scale sizes by using the levitation-jet generator 

[28]. It is operated under controlled gaseous oxidizer in an inert gas flow allows for simultaneous 

manipulation of size, shape, and composition of nanoparticles, allowing to produce of 

nanopowders with the clean surface [29]. Such technique offers many variations of synthesis 

conditions, which affected the maximum magnetization of the NPs and promote search of its 
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dependencies on some experimental parameters, which could help to accelerate practical usage 

of such RTFM materials. 

  

2. Experimental 

 

2.1 Synthesis of NPs 

Mg-O nanoparticles were obtained by using the Gen’s levitation-jet generator described in 

details elsewhere [29, 30], which was modified for the special goals of this research (Figure 1). 

In this technique, a piece of metallic magnesium (99.99%) was suspended in an appropriate 

quartz tube. The levitated piece of metal was heated up by an electromagnetic field, generated 

using a counter-current inductor until obtained ingot began to vaporize. The vaporizing droplet 

was blown by an adjustable stream of Ar gas (purity 99.995 at. %) with simultaneously step-by-

step supplying by the Mg metal rod (3 x 3 mm
2
) into this evaporator. The controlled metal 

oxidation was realized by permanent injection of a definite amount of gaseous air (99.9 at. %) 

into the main Ar flow in the combined mode [29]. During the NPs fabrication, appropriate 

additional measures were undertaken in order to prevent any influence of alien magnetic 

impurities [31].  After each synthesis was finished, some parts of the installation were 

demounted and three powdered samples were collected from the different zones, where NPs 

could be deposited: wall of the quartz-glass tube - NPs (T); center of the non-ferromagnetic 

metal-made cooler - NPs (C); and the main cloth filter - NPs (M). The distance between the 

levitating droplet-evaporator to these collection zones was fixed at approximately 100, 200, and 

400 mm, respectively. Such approach allowed us to study the properties of NPs, which formation 

during post-condensation oxidation processes at the zones with different deposition conditions. 
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Fig. 1 Schematic representation of the levitation-jet installation for the Mg-O NPs fabrication. 

 

Some parameters of the NPs synthesis, including metal feed rates, gases flow rates, and 

corresponding collection zones are listed in Table 2.  

 

Table 2. Main properties of the Mg-O NPs. S - specific surface area obtained from BET measurements; <d> - mean 

particle size obtained from SEM micrographs; y – MgO content and a – MgO lattice parameter obtained from XRD 

data; σs – maximum specific magnetization (VSM, RT, 10 kOe).  
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2.2 Characterization of NPs  

Particle size and morphology were investigated by scanning electron microscopy (SEM) 

using CARL ZEISS ULTRA PLUS. Electron micrographs were analyzed by Carl Zeiss 

AxioVision ver. 4.82 image processing software to calculate the average particle size ‹d› [29].  

Specific surface areas of NPs were determined by 4-point nitrogen physical sorption BET 

measurements using META SORBI-M device. No outgassing procedures were applied before 

the BET measurements. Crystal structure of NPs was studied by X-ray powder diffractometer 

DRON-3M (Cu Kα radiation). Their phase compositions were determined using JCPDS PDF 

database (release 2011) and Crystallographica SearchMatch ver. 3.102 software. Rietveld 

analysis (PowderCell for Windows ver. 2.4) of X-ray diffraction patterns was used to evaluate 

the ratio of crystalline phases in the synthesized NPs. UV-vis spectra were recorded using 

Lambda950 (Perkin Elmer) with integrated sphere detector in the wavelength range of 200 - 

1200 nm. Fourier transform infrared (FT-IR) spectra were recorded in solid phase using Tensor 

27 spectrometer with attenuated total reflectance accessory (Bruker) in the frequency range of 

400–4000 cm
-1

. Raman spectra were recorded using InVia Raman Renishaw and confocal 

microscope Leica DMLM apparatus with air-cooled, charge coupled device coupled with Ar 

laser emitting at 514.5 nm and 55 μW. XPS instrument was Thermo Scientific X-ray 

Photoelectron Spectrometer equipped with monochromated Al Kα (1486.6 eV) source running at 

Sample 

IDs 

Synthesis conditions NPs 

collection 

zone 

<d>, 

nm 

S, m2/g  y, at.%  a, nm σs, 

memu/g 
Mg, 

g/h 

Ar, 

l/h 

Air, 

l/h 

#1 8 53 28 M 42 14.57±0.18 100 0.4217 650 

#2 8 53 28 T - 15.06±0.34 68.1 0.4219 7.4 

#3 12 53 14 M 37 15.81±0.52 70.1 0.4201 217 

#4 12 53 14 C 33 16.09±0.44 66.0 0.4205 108 

#5 12 53 14 T 30 16.29±0.58 42.5 0.4209 9.5 

#6 8 68 55 C - 21.22±0.38 99.7 - 90.5 

#7 8 68 55 T - 22.11±0.34 99.2 - 9.3 

#8 6 68 55 M 80 21.63±0.45 99.9 0.4211 430 

#9 6 68 55 C 74 22.58±0.36 96.0 0.4210 65 

#10 6 68 55 T 59 24.01±0.24 94.3 0.4214 6 

#11 6 85 40 M - 24.17±0.41 99.8 - 184 

#12 6 53 30 M - 22.77±1.45 99.9 - 162 

#13 8 85 50 M 66 25.26±0.08 99.6 0.4210 75 

#14 8 85 50 T 60 26.89±0.31 99.3 0.4210 16 

#15 6 53 14 M 47 30.07±0.99 99.9 0.4207 610 

#16 6 53 14 T 45 32.52±0.61 99.1 0.4210 175 

#17 6 150 55 M 55 32.59±0.23 98.0 0.4201 280 

#18 6 150 55 T 52 34.69±0.62 96.2 0.4204 62 

#19 6 300 40 M 37 62.16±0.51 100 0.4207 42 

#20 6 300 40 T 35 66.24±0.56 91.7 0.4208 41 
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a power of 72 W with a pass energy of 50 eV. For the charges correction, a one-point scale with 

C1s base peak shifted to 284.8 eV was used.  Magnetic properties of NPs were measured by 

EG&G PARC M4500 vibrating sample magnetometer in applied magnetic fields of up to 10 

kOe. We subtracted magnetic moments of samples from the experimental data with respect to 

the diamagnetic contribution associated with a nylon-made container.  

 

 

3. Results and discussion 

 

3.1 NPs morphology and BET results  

Figures 2a-b show SEM-micrographs of some NPs, which were obtained under various 

synthesis conditions and collected in the main zones. In Figure 2a, NPs of about 50 nm in an 

average size is generally uniform cubes. Particle size distribution was close to the lognormal 

one [28, 29]. Some of the NPs in this Figure looks like terraced ones. Similar structures were 

observed in the MgO NPs, obtained by the flame metal combustion method [32]. In Figure 2b, 

NPs with an average size of 35 nm have a coarsened cubic (rouged spherical) morphology. 

Such particles were obtained at the same metal feed as previous ones, but with an enhanced 

flow of argon and diminished air rate.  

Figures 3a-c show an effect of the different collection zones on the NPs formation in the 

same synthesis process. In (T) zone at the distance of 100 mm from the bottom of the levitated 

droplet, the most of collected NPs were almost uniform cubes with some terraced signs 

(Figure 3a). In the second zone, the most of NPs (C) were rouged spherical shapes with an 

increased average size and some traces of agglomeration (Figure 3b). NPs (M), collected from 

the most remote zone (400 mm), has bigger average size with a roughed surface (Figure 3c). 

Such situation has been characteristic one for all studied NPs, which demonstrated a decrease 

in the value of specific surface area for NPs from M-zones compared with NPs from C- and T-

zones (Table 2). Figures 3d-f show particle size distributions of NPs## 8-10, which support 

above-mentioned considerations. 

 It is known that crystalline growth, governed only by condensation of MgO molecules, 

leads to the formation of cubes [33]. But, oxygen molecules in air flow are rather active 

participants in NPs surface growth [34]. Such molecules are splitting over the defects on the 

surfaces of the growing MgO nanoparticles,  thus stimulating the most surface-defective 

incipient spherical shapes [32] and effect on the RTFM evolution [35]. We suggested that such 

behavior takes place during some manipulations of the levitation-jet synthesis conditions when 

an excess amount of the oxidizer gas was presented in the basic gas flow [30]. For the used 
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combined mode, initial oxidation of NPs was uncompleted, because of secondary character of 

this process compared with the primary process of vapor metal condensation and hence a post-

condensation intensification of the oxidation process might take place  [32]. As it is clear from 

the above-mentioned Figures, NPs, which formed during post-condensation oxidation 

processes at the most far away zone (M), possess essentially modified surface.  Possibly, it is 

also related with the use in this zone such gas-filter material, which characterized by minimal 

contact with NPs surface, compared with the C (cooled metal) and T (heated glass) zones.     

 In Table 2 specific surface areas (S) of all the NPs, obtained from BET measurements, 

listed to their increasing values, which has been used as the main characterization parameter of 

NPs. Average volumed sizes of some NPs <d>, obtained from the micrographs, accompanied 

these BET data. In the following sections, we will see how these parameters affected RTFM 

and the other properties of different NPs. 

     

Fig. 2. SEM micrographs of some NPs collected in the main zones and listed in Table 2: a – #15, b – 

#19.  
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Fig. 3. SEM micrographs of some NPs collected in the different zones and listed in Table 2: a – #10 (T), 

b – #9 (C), and c – #8 (M). d, e, and f - particle size distributions of these NPs. 

 

3.2 X-ray diffraction analysis  

XRD patterns of NPs matched the reflections of cubic MgO JCPDS (45-0946) with the unit-

cell parameter of a = 0.4201-0.4219 nm (Table 2). The second crystal phase of NPs matched the 

XRD patterns of hexagonal Mg (JCPDS 35-0821) with unit-cell parameters of a = 0.3174-0.3232 

nm and c = 0.5224-0.5181 nm. No other crystal phases were found by XRD in our NPs. Figure 4 

shows some representative patterns of NPs #19, #11, and #13. Rietveld-refined MgO phase 

percentage, y, and its lattice parameter a for the studied NPs are presented in Table 2. It was seen 

that magnesia content is growing up with the increase in the collection distance for all the 

nanoparticles. MgO lattice parameter, as a rule, decreased (away from the maximum value of the 

bulk MgO - 0.4211 nm) for NPs, collected at the most remote zone from evaporating droplet, in 

comparison with the other zones of the NPs collection. In Figure 5, an example of this effect was 

displayed. Such behavior agrees with the above-mentioned suggestion about the growth of defect 

structures during the post-synthesis processes, especially, in NPs disposed of in the through gas-

blown M-zone and possess almost free surface. 
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Fig. 4.  Representative XRD patterns of some NPs. The numbers of curves correspond to the numbers of 

NPs in Table 2. Asterisks mark the reflections from Mg (JCPDS 35-0821). Indexed reflections are 

belonging to MgO (JCPDS 45-0946). 

 

 
 

Fig. 5.  XRD patterns of NPs, collected in the different zones of levitation-jet installation. The numbers 

of curves correspond to the numbers of NPs in Table 2.  

 

3.3 Magnetic measurements  

VSM magnetic measurements showed, that all the NPs had ferromagnetic hysteresis loops at 

room temperature. Some of the measurement results of specific magnetization σ vs. applied 

magnetic field H are shown in Figure 6. All the loops exhibit soft-magnetic behavior with 

coercivity ranged within 30-140 Oe. In Table 2, the results of measurements of net maximum 

specific magnetization σs (at H = 10 kOe) are presented. It should be noted, that in Figure 6 and 

Table 2 there is a progressive increase in σs for NPs collected in the different zones #10 (T), #9 

(C), and #8 (M) with the increase in the zone distance from the evaporator. It is possibly related 

to above-noted changes in the processes of post-condensation oxidation. 
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Fig. 6. Ferromagnetic hysteresis loops of some NPs. The numbers of curves correspond to the numbers of 

NPs in Table 2.  

 

The main task of our study was to find out how the maximum magnetization depends on the 

other characteristics of the NPs [6, 36, 37]. It is known, that the maximum RTFM 

magnetization can be achieved for a certain density of vacancies,  which is necessary to achieve 

magnetic order in solids, independently from the crystal structure details or elements, which 

were represented in the lattice, provided that the vacancies or other defects in the lattice lead to 

the nearly localized magnetic moments [38].  In Figure 7, we can see a two-peak dependence of 

the maximum magnetization vs. (S ∙ y)-product for some NPs. If it is supposed that the specific 

surface area is a measure of the roughness of the MgO NPs surface, and metallic magnesium is 

located in the separate nanoparticles (which do not take part in the RTFM), both measured 

terms are the real parameters, by which can to characterize the RTFM in our NPs. It is 

interesting, that the second maximum located at double value of the product relative to the first 

maximum. It is interesting, that the second maximum located at double value of the product 

relative to the first maximum position. Such behavior might point to the important role of 

vacancies and divacancy centers of our spherical/terraced MgO NPs  [39] for the origination of 

RTFM. 

A comparison between the data, presented in Tables 1 and 2, it is easy to see, that the 

maximum specific magnetization value of 0.65 emu/g, achieved in our NPs #1, is found to be 

almost one order of magnitude higher compared to the early achieved values for the MgO NPs 

synthesized by other methods.  This difference in the σs values of the MgO materials is, 

probably, origin from the better RTFM NPs synthesis conditions,  which promote the Mg 

vacancies propagation over the surface of NPs with the formation of various types of their 
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configurations [14].  

It should be noted following. All NPs studied retained their ferromagnetic properties when 

stored in air at room temperature for at least several months. However, by elevated 

temperatures, such behavior will not really. It is very difficult to determine the true "Curie 

point" of the RTFM NPs in air, inert gas, or vacuum, because of the high mobility of the weak-

coupled oxygen during such studies [36].  

 

Fig. 7. The maximum specific magnetization of some NPs samples vs. (S∙y) product.  

 

We used some spectroscopic techniques in order to find out appropriates relationship between 

the observed RTFM and vacancy defects on the NPs surface.  

 

 

3.4 Optical characterization of NPs 

3.4.1 UV-vis reflectance spectra 

 UV-vis diffuse reflectance spectra (DRS) of some NPs recorded at RT are shown in Figure 8 

over the wavelength range of 200 - 850 nm. DRS of some NPs shows a slight absorption peak in 

the range of 260 to 280 nm, which is known as a specific one for the MgO NPs [40]. A broad 

shoulder, observed in the 270-350 nm wavelength region for some NPs (except NPs #3 and #5), 

probably, results from some defect structures [3]. In the NPs with maximum σs, possible, large 

amounts of charged species are presented at the energy levels of local vacancies. In the DRS, 

reflection bands of the NPs at 210-220 nm and 280-300 nm corresponded to the excitation of 

four-fold and three-fold coordinated O
2-

 anions, respectively [3]. Large dips in the DRS of NPs 

#3 and #5 may be attributed to the presence of moderate metal Mg content. We suggested, that 
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the higher metal content enables more free electrons, and, because of that, the amount of visible 

light, reflected from such NPs, increased.  

    

Fig. 8. Room temperature UV-vis diffuse reflectance spectra of some NPs. The numbers of curves 

correspond to the numbers of NPs in Table 2. 

 

In order to study the energy band gap structures of our NPs, their DRS were analyzed using 

Kubelka–Munk equation F(R) [41], which is related to the diffuse reflectance as follows: 

F(R) = (1 – R)
2
/2R.          (1) 

Here, R is an absolute reflectance and F is an equivalent to the absorption coefficient α.  

The optical band gap energy (Eg) may be calculated from α by Tauc's plot using Tauc relation 

[42]: 

αhυ=A(hυ-Eg)
q 

,
                 

(2)
                                                       

 

where A is a constant, which depends from the transition probability, hυ is an incident photon 

energy, and q is an index, which characterizes an optical absorption process in semiconductor, q 

is equal to 0.5 for the direct band gap.  

Direct band gap Eg of the NPs was estimated by plotting (hυ∙F(R))
2
 as a function of light 

wave energy hυ (Figures 9a and 9b). Extrapolation of the straight line gives the value of the 

energy band gap. The observed energy band gaps for NPs #3 and #5 were found to be close to 

1.7 eV, which has been discovered early for some MgO nanoparticles [43, 44]. The band gap 

values of all the NPs are strongly red-shifted down from the standard value of bulk MgO (7.65 

eV) [45]. The redshift of the direct band gaps exhibits, that the NPs morphology is suggesting 

an existence of various main active sub-surfaces, which response various excitation energy. 

Because of that, our NPs are having different values of the direct band gap, which also may be 

attributed to the quantum confinement effect [44, 46].  
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Fig. 9. (a) - Tauc plots of some NPs. (b) - The same plots for the NPs collected at the two different 

zones (M) and (T). The numbers of curves correspond to the numbers of NPs in Table 2.  

 

 

3.4.2 FT-IR spectra  

The typical FT-IR spectra for some NPs in the frequency region of 400-4000 cm
-1

 are 

shown in Figure 10a. A broad vibration band may be seen in the wavenumber range of 

3000–3700 cm
−1

 due to the O–H stretching vibration of an absorbed water molecule and 

surface hydroxyl group [47]. This is due to the slight aerial adsorptions of water molecule 

onto the MgO surface when it was exposed to the ambient atmosphere. The FT-IR 

absorption peak, which may be seen at the wavenumber 1420 cm
−1

, was assigned to the 

asymmetric stretching of the aerial carbonate ion, CO3
2−

 species [47-49]. The peaks, 

presented at 500–860 cm
-1

, are due to the higher frequency of MgO stretching [50]. 

In order to discover the observed changes in the IR bands of the different NPs, 

measurements in the frequency region of 450-900 cm
-1

 were undertaken. In Figure 10b, the 

characteristic peaks of two bands, centered at about 860 cm
-1

 [5, 51] and 535 cm
-1

 [49, 50], 

are presented. Inside of the band at 480-730 cm
-1

 definite changes in the peaks positions 

and their magnitudes for different NPs are take place. Some correlations between the peaks 

parameters and σs were founded, particularly, an increase in the peak magnitudes for the NPs 

with large maximum magnetizations.  
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Fig. 10. IR bands of some NPs in the range of 4000–400 cm
-1

 (a), 900-450 cm
-1

 (b). The numbers of 

curves correspond to the numbers of NPs in Table 2. 

 

The effects of the different collection zones on FT-IR spectra of the three couples of 

NPs are shown in Figures 11a and 11b. It was noted that NPs, collected in the same 

process, demonstrated, as a rule, above-mentioned features in the IR spectra at 1420 cm
-1

 

and 535 cm
-1

 centered bands, at that, this phenomenon is much more various inside the first 

band (Figure 11a). It should be noted on the active role of some point defects on the NPs 

surface, which could act as traps of adventitious CO3
2−

 species, registered during the XPS 

studies. Similar behavior has been observed by aerial hydroxyl deposition on low-

coordinated sites at 3700 cm
-1

 bands [47].  

 

 
 

Fig. 11. Effect of the different collection zones on IR bands of NPs in the range of 1800–400 cm
-1

 (a), 

900-450 cm
-1

 (b). The numbers of curves correspond to the numbers of NPs in Table 2. 

 

3.4.3 Raman spectra 

Since MgO has the NaCl-type structure with inversion symmetry, first-order Raman 

scattering is forbidden in large bulk crystals and only second-order Raman spectrum has been 
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observed [52]. Room-temperature Raman spectra of our NPs were recorded in the 100–1200 cm
-

1
 range. The first-order Raman spectra of the NPs revealed 7 vibrational bands centered around 

275, 370, 448, 560, 960, 1080, and 1120 cm
-1 

(Figure 12). The Raman bands at 448 cm
-1 

and 290 

cm
-1

 may coincide with the two prominent peaks predicted and observed for the MgO 

microcrystals [53, 54]. Accordingly, it was supposed, that the 290 cm
-1

 line was associated with 

a TA phonon at the energy zone boundary, whereas 448 cm
-1

 line with a TO phonon at the 

energy zone center. In addition, we supposed, that the Raman peak at 370 cm
−1

 corresponds to 

the stretching mode of the magnesium oxide (LA) and, therefore, was very sensitive to the 

presence of vacancies. This suggestion allows assigning the band at 960 cm
-1

 as a LA+LO 

vibrational mode. The rather broad band composed of the line at 1080 cm
-1

 and accompanied by 

line at 1120 cm
-1

 was similar to those observed earlier [54, 55] ascribed to the surface phonon 

modes in a TO- LO phonon gap [56]. Similarly to the authors of [56], we discovered, that TA 

phonon- and TO phonon-related Raman lines were not clearly observed, and the Raman lines of 

the TO-LO phonon gap were significantly suppressed in the most of our NPs. 

The larger specific surface area could provoke the intensity of vibrational modes to 

decreasing, due to the structural changes introduced by disorder and particle size reduction, 

because of that, the σs values of such NPs were lower. For NPs in the sequence ##13-9-6-11-19, 

the intensity of Raman bands is decreased, and most of the major Raman bands shifted towards 

the lower energy side. Despite the smallest particle size seen in this study, NPs #19 had Raman 

peaks that were clearly pronounced, probably, because of the largest y value. As it was seen from 

Figure 12 and Table 2, NPs with almost the same y (#6 and #9), and close values of S 

demonstrated similar Raman peaks positions and intensities, and their maximum magnetizations 

have only slightly differed. 

 

 

Fig. 12.  Raman spectra of some NPs. The numbers of curves correspond to the numbers of NPs in 
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Table 2.  

 

Figure 13 demonstrated an effect of the different collection zones on the Raman spectra of 

NPs. For the two couples of NPs #3, #5 and #17, #18 the intensity of vibrational modes 

correlates with the maximum of σs. Increase in intensities of the Raman spectra in the NPs, 

which were collected at the M-zones, has been accompanied by an enhancement in σs. It was 

related to decrease in their perfectness degree, that is pointing out the predominant role of 

surface defects in the RTFM evolution of our NPs. 

 

 

Fig. 13.  Raman spectra of some NPs collected from the different zones. The numbers of curves 

correspond to the numbers of NPs in Table 2.  

 
 

3.5 XPS component analysis of the NPs 

X-ray photoelectron spectroscopy was used to characterize the chemical composition of the 

different NPs. In Figure 14 the different peaks regions of the survey spectra of some NPs, 

identified by using CasaXPS v. 3.17 software [57], are presented. The peaks corresponding to 

Mg 1s, Mg 2s, Mg 2p, O 1s, C 1s and Ar 2p were clearly observed. The above-mentioned results 

indicate that the main species on the surface of MgO NPs were Mg, O, and C. No obvious 

magnetic metal contaminations were discovered. Some differences in the element peak 

intensities among the spectra of our NPs were founded.  The presence of carbon is attributed to 

the surface contamination, whereas argon is originating from the routine cleaning surface 

procedure, which takes place prior to the main XPS measurements [58]. 
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Fig. 14. Survey XPS spectra of some NPs. The numbers of curves correspond to the numbers of NPs in 

Table 2. All the spectra were vertically shifted for clarity. 

 

The XPS spectra from core regions of the three basic elements, belonging to the NPs #8, #9, 

and #10, which were collected in the M-, C-, and T-zones, respectively, are shown in Figures 15-

17. The XPS peaks were fitted with the Origin 2015 software by using Gaussian profile function, 

including fixed XPS baseline mode in Shirley computation range method [57]. Determined 

values of binding energy (BE), full width at half maximum (FWHM), peak heights (hmax) and 

areas (area) of all the fitted components of some NPs were listed in Table S1 (Appendix A. 

Supplementary data).  

From the high-resolution Mg 1s spectra (Figures 15a-c), we concluded that only one state of 

magnesium exists in our NPs. Figure 15a shows the XPS spectrum of Mg 1s core level for NPs 

#8, which existed as Mg
2+

 with a binding energy of 1303.8 eV [20]. For NPs, collected at C- and 

T-zones (Figures 15b-c), the Mg 1s XPS peak can be fitted into two symmetrical peaks. In the 

Figure 15b for NPs, collected at C-zone, the lower binding energy peak, located at 1304 eV, 

corresponds to the Mg 1s core peak of Mg
2+

 bound to O
2−

, while the higher binding energy peak 

at 1305.1 eV can attribute to formation of Mg(OH)2 at the surface of NPs due to the ambient 

atmosphere during XPS measurements  [59].  In the Figure 15c, it may be seen deconvoluted Mg 

1s XPS peak from NPs, collected at the nearest zone from the evaporator (T). As it may be seen 

from this Figure as well, positions of the above-mentioned components are shifted towards 

higher energies from NPs #8 and #9 peak positions to the 1306.1 eV and 1307.4 eV, 

respectively.  
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Fig. 15. High-resolution XPS spectra of NPs #8 (a), #9 (b), and #10 (c) in the core level region Mg 1s. 

LMg – lattice magnesium, OH
- 
– Mg(OH)2 components. 

 

XPS data of the O 1s core level of the above-mentioned NPs are presented in Figures 16a-c. 

The broad and slightly asymmetric nature of the peak was suggested to be the multiple oxygen 

valences in our NPs. All the XPS peaks for the O 1s core level can be fitted in some symmetric 

Gaussian curves with the same FWHM for each component [60]. For the NPs #8, the O 1s XPS 

peak can be fitted into two symmetrical peaks. The lower binding energy peak, located at 530.2 

eV (Oa), was ascribed to the O 1s core level peak of O
2−

 bound to Mg
2+

 [20]. The higher binding 

energy peak at 532.3 eV (Ob) was attributed to the near-surface oxygen [17, 59, 61]. Such peak 

structure seems to be characteristics for the MgO surface, which was observed in the NPs, 

synthesized under various conditions, where the low binding energy peak corresponds to the 

stoichiometric MgO, whereas the higher binding energy peak corresponds to the MgO species 

with Mg vacancies [61]. 

For the NPs #9 and #10, the O 1s XPS peaks can be fitted into three symmetrical peaks. The 

highest binding energy peaks of the O 1s core level for the NPs #9 and #10 appeared at 533.1 eV 

and 534.2 eV, respectively, were ascribed to OH
-
 in Mg(OH)2 [59], in agreement with the 

corresponding XPS peaks of core level Mg 1s of these NPs.  

 

   

Fig. 16. High-resolution XPS spectra of the NPs #8 (a), #9 (b), and #10 (c) in the core level region O 1s.  

 

High-resolution C 1s spectra of the NPs ##8-10 were shown in Figures 17a-c in the energy 

range from 282 eV to 293 eV. The main peak corresponds to the carbon contamination (C-C 
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bonds [62]), was observed at 284.8 eV [63]. The second and third weak peaks were located at 

approx. 286.3 eV and 288.6 eV and were characteristics of the oxygen bound species with C-O 

bonds, as well as C=O bonds, respectively [64]. It is known that metal carbides may be 

inadvertently formed during argon sputtering of metal-containing oxides [63]. Because of that, 

the highest energy peak, probably, could be attributed to the hydrocarbonates of Mg (HC) [65], 

formed by above-mentioned cleaning procedure of samples operation in the ambient atmosphere 

of XPS apparatus.  

 

    

Fig. 17. High-resolution XPS spectra of the NPs #8 (a), #9 (b), and #10 (c) in the core level region C 1s.  

 

It is interesting the peak behavior in the Mg 2p core level region for the NPs ##8-10. As it is 

seen in Figure 18, for NPs, collected in the main zone, the intensity of the peak has its maximum 

value. It once more emphasizes the basic role of the surface crystal Mg sites in the NPs RTFM 

evolution. As it is known, that oxygen atoms could form interstitials (Oi) or replace the Mg 

lattice site and form the oxygen antisites (OMg) [59]. These species can break up the coupling 

between active Mg deficient defects VMg. In Figure 19, the data for our NPs show that the 

progressive increase in FWHM of the peaks of Mg 2p component has been accompanied by an 

oscillating depression of the maximum magnetization. This behavior, probably, points to the 

breaking up the coupling between the active Mg defects with the formation of new types of these 

defects configurations, including due to a decrease in their total concentration. So, the larger 

concentration of Mg deficiency defects is, the stronger FM becomes [22, 26, 59, 66]. The 

ferromagnetic moment’s enhancement with the increase in VMg concentration in the NPs is 

consistent with the results of the ab initio calculation for MgO [23]. 
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Fig. 18. Part of survey XPS spectra of the NPs #8 (a), #9 (b), and #10 (c) in the core level region Mg 2p.  

 

 

Fig. 19. The maximum magnetization of some NPs vs. FWHM of Mg 2p peak values.  

 

It should be noted, that experimental results cannot be explained by assuming the existence 

only one-point defects. Therefore, in our study the magnetism should be interpreted with respect 

to the magnetic coupling, which was could induced by defect configurations with as one and/or 

double Mg vacancies (cf. Figure 7). The defects formation energies suggest, that two Mg 

vacancies prefer the next nearest sites to the other configurations, what has been theoretically 

predicted for the pure MgO [67].  

 

4. Conclusions 

Various Mg/MgO aerosol-generated nanoparticles, ranging in the average particle sizes 

distributed from 30 up to 80 nm, could be prepared by levitation-jet synthesis as a result of 

magnesium metal vapor condensation in an inert-gas flow under various process parameters, by 
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using the different zones for the NPs collection. SEM, BET, XRD, UV-vis, FT-IR, Raman, and 

XPS studies of cubic, terraced, and spherical NPs demonstrate a predominant effect of the 

surface microstructure on their properties. All the synthesized materials were ferromagnetic at 

room temperature with the relatively high maximum magnetization of up to 0.65 emu/g and the 

coercive force of up to 140 Oe. The maximum magnetization of the NPs tends to grow with the 

increase in the value of specific surface area multiplied by oxide content in the form of two-peak 

function and accompanied by the increase in the Raman peaks intensities. XPS studies 

discovered an oscillation dependence of maximum magnetization from the Mg 2p state, 

suggesting that RTFM is possible to be existed due to the Mg-deficient defects on the surface of 

the NPs. These surface defects are the key factors, regulating the ferromagnetic ordering. 

Determination of synthesis conditions of aerosol-generated NPs, favoring reproducibility of their 

high-quality magnetic properties, might be accepted as a starting point for the improvement of 

devices using spin polarization effect. 

 

Appendix A. Supplementary data 

Electronic Supplementary Information (ESI) related to this article may be found at http:// 

dx.doi.org/. 
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 Levitation-jet synthesis of Mg-O nanoparticles (NPs) at different conditions 
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 RT ferromagnetism (RTFM) in the NPs with maximum magnetization up to 0.65 
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 Oscillating quenching dependence of the maximum magnetization on Mg 2p peak 
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Table 1. Experimental observation of RTFM in undoped Mg-O NPs.  

Fabrication method Average particle 

 size, nm 

Maximum RT 

magnetization, memu/g  

Refs. 

Sol-gel  6-23 13 [7] 

24, 52 33 [8] 

Wet-chemical technology 12 2.6 [3] 

13 70 [9] 

17, 21, 25 8.3 [2] 

20-30 50 [10] 

22, 28, 32 2 [11] 

35 14 [12] 

Microwave-assisted co-precipitation  20 25 [13] 

Thermal decomposition of Mg(OH)2 50 (clustered) 2 [6] 

Polymer pyrolysis 25 35 [5] 

Vaporization-condensation in a glass balloon under 

reduced pressure 

15  13 [14] 

Table1



Table 2. Main properties of the Mg-O NPs. S - specific surface area obtained from BET measurements; <d> - mean 

particle size obtained from SEM micrographs; y – MgO content and a – MgO lattice parameter obtained from XRD 

data; σs – maximum specific magnetization (VSM, RT, 10 kOe). 

 

 

  

 

 

Sample 

IDs 

Synthesis conditions NPs 

collection 

zone 

<d>, 

nm 

S, m2/g  y, at.%  a, nm σs, 

memu/g 
Mg, 

g/h 

Ar, 

l/h 

Air, 

l/h 

#1 8 53 28 M 42 14.57±0.18 100 0.42168 650 

#2 8 53 28 T - 15.06±0.34 68.1 0.42186 7.4 

#3 12 53 14 M 37 15.81±0.52 70.1 0.42010 217 

#4 12 53 14 C 33 16.09±0.44 66.0 0.42047 108 

#5 12 53 14 T 30 16.29±0.58 42.5 0.42088 9.5 

#6 8 68 55 C - 21.22±0.38 99.7 - 90.5 

#7 8 68 55 T - 22.11±0.34 99.2 - 9.3 

#8 6 68 55 M 80 21.63±0.45 99.9 0.42108 430 

#9 6 68 55 C 74 22.58±0.36 96.0 0.42096 65 

#10 6 68 55 T 59 24.01±0.24 94.3 0.42138 6 

#11 6 85 40 M - 24.17±0.41 99.8 - 184 

#12 6 53 30 M - 22.77±1.45 99.9 - 162 

#13 8 85 50 M 66 25.26±0.08 99.6 0.42102 75 

#14 8 85 50 T 60 26.89±0.31 99.3 0.42104 16 

#15 6 53 14 M 47 30.07±0.99 99.9 0.42068 610 

#16 6 53 14 T 45 32.52±0.61 99.1 0.42099 175 

#17 6 150 55 M 55 32.59±0.23 98.0 0.42010 280 

#18 6 150 55 T 52 34.69±0.62 96.2 0.42040 62 

#19 6 300 40 M 37 62.16±0.51 100 0.42074 42 

#20 6 300 40 T 35 66.24±0.56 91.7 0.42081 41 

Table2
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