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A B S T R A CT  

In the plasma of pulsed high-voltage discharge, initiated between nickel electrodes in air, when the 

fluoroplastic is placed in the discharge gap, powder nanocomposite material has been synthesized. The 

nanocomposite contains NiF2 nanoparticles less than 5 nm in size, dispersed in a matrix consisting of 

carbon and fluorocarbon substances. The carbonaceous substance contains nanoscale disordered 

graphite-like regions. The fluorocarbon component of the composite contains fragments of PTFE 

molecules and fluorocarbon molecular fragments that differ in structure from PTFE molecule’s 

structure. After annealing the composite in air at 773 K, the initial nanocomposite is transformed into 

a nanocomposite containing nanosized PTFE and nanoparticles of NiF2 less than 5 nm in size, 

scattered in a matrix composed of nanographite and low-layer nanosized graphene, after aneling at 

1173 K into a material containing NiO nanoparticles less than 10 nm in size.  After annealing of the 

initial nanocomposite in argon atmosphere at 1073 K, the obtained nanocomposite contains Ni 

nanoparticles with sizes less than 5 nm and carbon and fluorocarbon components. The magnetic 

susceptibility of the unannealed nanocomposite is investigated. A transition to the antiferromagnetic 

phase at 73 K was detected. At T = 4K, exchange bias interaction of the AFM / FM type takes place 

in the composite. There is divergence of the FC and ZFC curves, which can be explained by the 

presence of a superparamagnetic phase or a spin glass phase in the sample. The field dependences of 

the magnetic susceptibility measured at T = 300 K show sharp changes that occur at certain values of 

the magnetic field. Elucidation of the nature of these changes requires additional research. 
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1 Introduction 

Composites are materials consisting of two or more mixed components (phases) with different 

physicochemical properties, separated by some boundaries. Nanocomposites are a composite in which one 

or more phases have one, two or three dimensions less than 100 nm [1] – [3]. The synthesis and study of 

nanocomposites containing substance nanoparticles in some matrices is of great interest. Much attention 

to such samples is due to the fact that nanoparticles have unique properties [1] – [5]. These properties can 

be individually manifested or make their own special contribution to the properties of nanocomposites [1-

6]. 

In this work, we synthesized and studied a nanocomposite containing nickel fluoride nanoparticles with a 

size of about 5 nm scattered in a nanosized carbon-fluorocarbon matrix. Interest in such a nanocomposite 

is caused by the following circumstances. The composite includes NiF2. At room temperature NiF2 exhibit 

a rutile structure with P42/mnm space group. As well as fluorides of other metals (FeF2, CoF2, MnF2) at 

low temperatures, at TN = 73.2 K, NiF2 transforms into an antiferromagnetic state. In comparison with the 
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AFM state of fluorides of other metals (FeF2, CoF2, MnF2), the AFM state of nickel fluoride has its own 

peculiarities. At temperatures below the Néel temperature, nickel fluoride is a canted rutile-structure 

antiferromagnet characterized by specific relativistic Dzyaloshinsky-Moriya interaction and exhibits weak 

ferromagnetism [7, 8]. NiF2  has an increased magneto optic coupling coefficient [9], NiF2 is attracting 

attention as conversion reaction material for Li ion batteries due to its comparatively high voltage (2.96 V) 

and specific capacity (554 mAh/g) [ 5, 7, 10, 11], NiF2 is a cathode material for thermal batteries with a 

high specific power [12], NiF2 nanoparticles acted as effective pinning centers leading to enhancement of 

𝐽𝑐 in the superconductor Bi-2223 system [13], NiF2 is the efficient electrode material with high window 

potential of 1.8 V for high energy and power density asymmetric supercapacitor [14], in nanosized form, 

nickel fluoride has special magnetic properties, the Néel temperature shifts, an exchange bias interaction is 

observed, nickel fluoride nanoparticles can be in a superparamagnetic state [5, 7], at all. Due to these and 

other properties, nickel fluoride can find application in various devices and is interesting for fundamental 

research. 

To obtain the samples, containing nanoparticles NiF2, we used a pulsed high-voltage discharge plasma 

initiated between nickel electrodes with PTFE material placed in the plasma [15, 16]. There are various 

other ways to obtain nanoparticles of NiF2 and other fluorides [4, 10, 11], [17] – [19]. The inconvenient 

features of obtaining fluorides are the use in different cases of aggressive fluorine, hydrofluoric acid, or 

fluorides of various metals, work with solutions of chemical substances, and the use of special nanoporous 

matrices in which nanoparticles are formed. Methods of salt-free and fluorine-free production of metal 

fluorides are currently being developed [15,16,19]. The production of nickel fluoride nanoparticles by our 

method requires only the use of nickel electrodes, PTFE rods, and a low-power high-voltage pulse 

generator. Thus, the advantage of our method lies in the rapid receipt of samples for research and thus 

does not require aggressive chemicals and gases and complex energy-intensive equipment.  

Another part of this work was the annealing of the resulting composite under different conditions in air 

and in argon. In this simple way, nickel oxide nanoparticles and nickel nanoparticles were obtained the 

scattered in carbon matrix. The interest to nickel oxide nanoparticles is caused by to their magnetic, optical, 

catalytic and electrical properties as well as mechanical hardness, passive chemical nature and thermal 

stability. Nickel oxide nanoparticles are widely used in supercapacitor batteries, magnetic materials, and 

catalysis [20] – [22]. Ni nanoparticles are used in fields such as biomedical, catalysis, supercapacitors, and 

dye-sensitized solar cells [23] – [25]. Over the last decade, nickel nanoparticles have been investigated for 

various potential applications due to their superior ferromagnetic properties such as magneto-crystalline 

anisotropy, high coercive forces, and chemical stability [23] – [25]. It can be noted that the very production 

of nickel oxide from nickel fluoride and nickel from NiF2 by annealing in air or in argon, at temperature 

lowest than temperature of destruction NiF2, is an unexpected result, since fluorine is the most 

electronegative element. Below, we discuss the question of whether this effect is possibly related to the 

structure of the carbon matrix and size of NiF2 nanoparticles 

Another result of annealing the initial composite in air was the formation of nanographene regions in its 

bulk. It is known that nanographene regions have a number of unique magnetic, electrically conductive, 

catalytic and other properties and are promising building blocks for electronic devices [6, 26]. 

2 Materials and Methods 

Samples were prepared according to the method described in [16]. The diagram of the setup for synthesis 

is given in Fig. 1. The setup works as follows. A high-voltage pulse voltage is applied to the electrodes from 

the generator, and the plasma appears between the electrodes. 

The end face of the PTFE rod is placed in this air plasma, after which blue plasma is formed in the 

placement area. Then, the end face of another PTFE rod is introduced into this plasma, after which both 

rods begin to burn with a red flame with the release of thick black smoke, consisting of fibrous formations. 

The smoke-like product was deposited on a fluoroplastic substrate in the form of a powder, which was 

collected from the substrate for research. Part of the powder was annealed in air or in an argon atmosphere. 

https://journals.aijr.org/index.php
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The composition and structure of the initial and annealed samples were studied by various physical 

methods. 

 

Figure 1: Scheme of synthesis of nanocomposites 

The morphology of the samples was studied using a Hitachi S5500 scanning electron microscope (SEM) 

(Japan) and an attachment to this microscope for scanning transmission electron microscopy (STEM). The 

local elemental composition of the specimens was determined using energy-dispersive spectroscopy (EDS) 

on Thermo Scientific spectrometer (United States) mounted as an adapter on the Hitachi S5500 

microscope. The XRD studies were carried out with a RIGAKU Smart Lab diffractometer using a 9kW 

rotating anode, CuKα radiation (Ni-filter), Bragg-Brentano geometry, a silicon zero-background specimen 

holder and a HyPix-3000 detector operating in the 1D measurement mode were used. The diffraction 

patterns were recorded within the 2θ range of 5° ÷ 90°, at the 2θ step of 0.01°. The XRD peaks were 

identified using the database ICDD PDF-2.  The magnetic characteristics of the specimens were measured 

on an MPMS-XL-5 SQUID magnetometer (Quantum Design, United States). X-ray electron spectroscopy 

(XES) was carried out using a surface analysis complex of SPECS Company (Bruker, Germany). 19F NMR 

spectra were recorded on a Bruker Avance AV-300 solid-state NMR spectrometer (the field is 7.04 T). 

Magic-angle spinning (MAS) of the specimen with the frequencies of 12–16 kHz and Hahn spin echo were 

used. Chemical shifts of the signals were calculated from CFCl3. The measurement error of chemical shift 

was 1 ppm. Raman spectroscopy was recorded on a WiTec alpha500 Raman microscope (Germany) with 

the laser wavelength of 535.5 nm. Infrared spectroscopy was recorded on an EQUINOX 55/S IR Fourier 

spectrometer (Bruker, Germany). 

3 Results and Discussion 

In this work, four types of samples were obtained and studied. The initial sample, hereinafter sample 1, was 

obtained in the plasma of the pulsed high-voltage discharge using nickel electrodes and fluoroplastic 

according to the above procedure. The other three types of samples were obtained by annealing sample 1. 

Sample 2 was obtained by annealing sample 1 in air at a temperature of 773 K for 1 hour. Sample 3 was 

obtained by annealing sample 1 in air at a temperature of 1173 K for 1 hour. Sample 4 was obtained by 

annealing sample 1 in an argon atmosphere at a temperature of 1073 K for 1 hour. 
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3.1 Sample 1 obtained in the plasma of the pulsed high-voltage discharge using nickel 

electrodes 

According to the data of scanning electron microscopy, sample 1 consists of branched and intertwined 

chain structures built of blocks with transverse dimensions of 30÷50 nm (Fig. 2a). It follows from the 

STEM data that denser nanoparticles near 5÷8 nm in size are incorporated in the blocks (Fig. 2b). 

 

Figure 2: SEM (a) and STEM (b) of sample 1 

The elemental composition of specimen 1 at various points was studied using local energy-dispersive 

spectroscopy. According to the results of ten measurements at various points of different nanofibrils, they 

contain 74.1÷76.8 at % C, 22.9÷25.9 at % F, 1.1÷ 4.4 at % O, and 0.1÷0.45 at % of Ni. 

The XPA diffraction pattern of specimen 1 is given in Fig. 3. The diffraction pattern of specimen 1 contains 

one crystalline peak at 2 = 18° and a diffused halo in the range of 2= 40°÷50° as in PTFE [27], while 

other crystal peaks from PTFE are not detected presumably because of their low intensity against the noise 

background. In addition, there is a halo in the range of 2 = 20°÷30° on the diffraction pattern of specimen 

1, which is not observed in PTFE. This halo can be caused by the carbon component in the specimen, 

which exists in the disordered phase [28]. In addition, the diffraction pattern contains a set of low-intensity 

crystalline peaks corresponding to the NiF2 spectrum (see inset Fig. 3). 

Figure 3: XPA spectrum of sample 1, the inset shows an enlarged fragment of the spectrum and on it the peaks 

corresponding to NiF2 are marked. 

https://journals.aijr.org/index.php
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The ESR spectrum of sample 1 (Fig. 4) contains a wide peak with the width of 415 Oe and g = 2.26, typical 

of the ESR spectrum of divalent nickel [29]. These data agree with the XRD data on the presence of NiF2 

in the sample. In addition, the ESR spectrum of sample 1 contains a narrow symmetric peak with a width 

of 14 Oe and g ≈ 2.005. The width, symmetry, and position of this peak make it possible to assign it to the 

EPR spectrum of carbon radicals [30]. 

Figure 4: ESR spectrum of sample 1. ν = 9478 MHz. 

In XES spectra of specimen 1, there are the bands corresponding to the C, F, O, and Ni elements (Fig. 5). 

The band of carbon is split into components, which correspond to the presence of its chemical bonds with 

fluorine in –CF3, –CF2, and –CF fragments, as well as to presence –C–C– bond and –C=C– bond of 

aliphatic carbon [31] (Fig. 5, Table 1). The fragments of –CF3 and –CF2 correspond to the presence of 

PTFE molecules in the specimen, which agrees with XPA data. Two peaks correspond to fluorinated 

carbon of –CF type. This implies that single fluorinated carbon is present in specimen 1 as part of different 

molecular fragments. The band of nickel has low intensity, which corresponds to the nickel content in the 

surface layer of the specimen of about 0.1 at %. This value is less than the nickel content determined by 

the EDS method (up to 0.45 at %). This divergence can be rationalized by the known low penetration depth 

of XES analysis, less than 10 nm, and by inclusion of nickel-containing nanoparticles in the bulk of 

specimen. The bond energy of nickel corresponds to the chemical bond nickel with fluorine. 

Figure 5: XES spectra of sample 1. 

https://journals.aijr.org/index.php
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Table 1: Bond energies Ebond(eV) and relative contents (at.%) of elements in specimen 1 

Type of 

framework 

electrons 

Ni (2p) F (1s) O (1s) C (1s) 

at.% 0.1 33 2.7 64.2 

Ebond (eV) 856.0 686.1 538.8 531.0 292.4 290.6 288.2 286.7 285 

at.% 0.1 33 1.3 1.4 7.7 6.3 10.1 19 21.1 

Type of 

bond 

Ni-F   -CF3 -CF2- -CF- -CC- 

-C=C- 

 

The IR spectrum of specimen 1 (Fig. 6a) indicates broad band in the range of 1100÷1500 cm–1, where 

frequenсy of stretching vibrations of C–C and C–O bonds in aliphatic carbon, as well stretching vibrations 

of C–F bonds in fluorinated forms of carbon, may be located [32]. 

Figure 6: IR spectra of samples: a - spectrum of sample 1; b - spectrum of sample 2; c - spectrum of sample 4; 

d - spectrum of a graphite electrode. The inset shows the low-frequency part of the spectrum of sample 1, that 

recorded separately in the low-frequency range of the spectrometer. 

Individual peaks at 1217 cm-1 and 1154 cm–1 are recorded in the same range, which are intrinsic to the 

stretching vibrations of CF2 groups in PTFE [33]. The spectrum contains the peak with a maximum at 1589 

cm– 1 corresponding to vibrations of double bonds of hexagonal groups in the plane of atomic layers of 

graphite [34]. This data shows the presence of either graphene or graphite components in specimen 1. An 

example of the IR control spectrum of graphite electrode containing the similar peak (1580 cm-1) recorded 

in this work is shown in Fig. 6 d. The less intense band located in the spectrum at 1659 cm– 1 refers to the 

vibrations of water molecules adsorbed by the KBr matrix or by the sample itself. The low-frequency part 

https://journals.aijr.org/index.php
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of the spectrum was recorded separately, which is shown in the inset in Fig. 6. The spectrum contains a 

band at 470 cm-1, which is in the range of stretching vibrations of metal fluorides and can be attributed to 

NiF2. 

According to NMR data, the spectrum of sample 1 (Fig. 7) contains: the peak with -124.6 ppm which 

corresponds to fragments of CF2 of PTFE macromolecules [35]. The spectrum contains an unresolved halo 

with weak signals at -139.3 ppm at -156.9 ppm. The signal at - 139.3 ppm can be attributed to the fluorine 

in the composition of CF2 groups located near the ends of the polymer chain of PTFE. The signal at - 156.9 

ppm can be attributed to fluorine in the –CF – CF– or –CF = CF– groups of amorphous fluorinated carbon 

[35]. In addition, the spectrum contains a signal of 61 ppm, which, according to the literature, can be 

attributed to fluorine, which is a member of the groups F3
C> C = C<  [35] or  –CF = C <F

F [36]. From the 

obtained NMR data, it is realistic to assume that during the destruction of PTFE in the plasma in different 

places of the PTFE molecules all fluorine atoms are detached from the carbon atom and double bonds are 

formed between the carbon atoms that have lost fluorine. 

 

Figure 7: NMR spectrum of sample 1. The * marks the lateral lines from the rotation of the sample. 

Figure 8: Raman spectra of samples: a - spectrum of sample 1; b - spectrum of sample 4; c, d - spectra 

recorded in different regions of sample 2; e - spectrum of sample 3. 

https://journals.aijr.org/index.php
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The Raman spectrum of specimen 1 (Fig. 8a) includes the characteristic D (the peak at 1343 cm–1) and G 

(the peak at 1585 cm–1) lines of carbon materials, which correspond to the presence in materials of 

nanosized disordered graphite-like structures [37].  In the range of 2000÷3000 cm–1 are located overtone of 

these signals (peaks 2D (2463 cm-1) and G+D  (2683 cm-1)). It is known that the presence of the D peak in 

spectra indicates disordering in structure of graphite, which is related to the presence of defects [37]; the 

broader the peak, the larger the disordering. The G peak corresponds to the stretching vibrations of sp2 

bonds in the plane of the defect less graphite. Thus, Raman data show that there are graphitized regions in 

specimen 1 with structural disordering. The sizes of the graphitized regions were estimated from the ratio 

of the intensities of the peaks G and D according to the formula of F. Tuinstra and J. Koening [38] L ≈ 4.4 

(IG / ID) and equal to about 4.1 nm.  It should be noted that there are no lines from PTFE in the Raman 

spectrum of specimen1 [16] (Fig. 8a), while the XPA and IR data indicate the incorporation of PTFE in 

the specimen. This may be due to the low content of PTFE and the screening factor of laser radiation by 

the carbon material of the sample. Also, the Raman spectrum of the sample does not contain signals from 

nickel fluoride, possibly for the same reasons. 

3.1.1 Discussion of the structure and composition of sample 1 

Consideration of the above data gives the following generalization. Specimen 1 morphologically represents 

chain formations built from blocks with sizes of 30÷50 nm. The elemental composition of blocks consists 

of C, F, O, and Ni according to XPA, ESR, EDS and XES data. The carbon content is up to 74 at %, 

fluorine content is up to 22 at % F in the blocks, while that of nickel is up to 0.45 at % and the rest is 

oxygen according to EDS data. Blocks contain PTFE according to XPA and IR data; there are molecular 

fragments of –CF according to NMR, IR, and XES data; there are possible molecular fragments –CF = 

CF–, F
3
C>C=C< and –CF = C <F

F    according to NMR data; there is aliphatic carbon according to XES, 

IR data; there is graphite according to IR data. Blocks contain nanosized graphitized regions according to 

Rama data. The size of the graphitized regions is about 4.1 nm.  As follows from XPA, EDS, ESR and XES 

data nickel is involved in the elemental composition of specimen 1. According to XPA, XES, and IR data, 

sample 1 contains nickel in the composition of NiF2. It is known that the particles containing metal 

compounds are transmitted worse than the particles containing carbon material without metals on 

transmission electron microscope. Thus, it may be concluded that nanoparticles near 5÷8 nm in size 

included in the blocks of branched and intertwined chain structures (Fig. 2b) are NiF2 particles. 

3.1.2 Magnetic properties of the sample 1 

According to the data obtained, sample 1 contains nano-sized particles of NiF2 and nano-sized graphite-

like regions. In both cases, specific features of the magnetic properties associated with the nanosize of these 

objects are expected [39, 40]. In this connection, the temperature and field dependences of the magnetic 

susceptibility of sample 1 were investigated. The temperature dependences of the magnetic susceptibility 

(M (T)) were measured in the known FC and ZFC modes. FC corresponds to the temperature dependence 

of the magnetic susceptibility measured after cooling in nonzero magnetic field (H=200 Oe in the 

considered case), ZFC corresponds to M (T) measure after cooling without applying the magnetic field. 

The resulting dependences FC and ZFC are shown in Fig. 9a. 
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Figure 9: Temperature and field dependences of the magnetic susceptibility of the sample 1 

In the entire studied temperature range, there is divergence of the FC and ZFC curves, the temperature 

hysteresis. The appearance of hysteresis can be caused by a number of factors:  the existence of a spin glass 

state (below the merging temperature of the FC and ZFC curves) [41]; states with blocking of the magnetic 

moment of nanoparticles (below the merging temperature of the FC and ZFC curves) [42]; the state of a 

super spin glass (micro spin glass) [43], and in the general case - the presence of a metastable state which is 

formed in the external magnetic field during the interaction of magnetic moments. In the considered case 

of sample 1, the divergence of the FC and ZFC curves manifests itself in the entire range of the studied 

temperatures from 4 K to 300 K. It can be assumed that states with blocking of the magnetic moment of 

nanoparticles or the state of a spin glass are realized in this entire range. There is evidence that the second 

option is more realistic, since the sizes of NiF2 nanoparticles are small (less than 8 nm) and, at such sizes, 

the transition to the state of blocking of the magnetic moment of such particles is expected at temperatures 

much lower than 300 K. The transition to blocking of the magnetic moment is reflected in the manifestation 

of a peak in the ZFC curve at temperature of this transition [44], which in Fig. 9a is missing. However, to 

find out the true reason for the divergence between the FC and ZFC curves in sample 1, additional 

experiments are required. The FC dependence shows a smooth stepwise change at T = 73.5 ± 0.5 K. This 

temperature value, well coincides with the temperature TN = 73.2 K of the transition of bulk crystals NiF2 

to the antiferromagnetic phase [45]. 

The (M (H)) dependences for samples 1 and 2 were recorded at T = 300 K and T = 4 K (Fig. 9b, Fig. 9c, 

Fig. 9d). At T = 4 K, the dependence M (H) contains a magnetic hysteresis loop shifted to negative fields, 

M(H) does not reach saturation at all values of the applied field up to 30000 Oe – Fig. 9c, Fig. 9 b. This 

form of M (H) corresponds to the case of an antiferromagnetic phase with superposition of a magnetic 

hysteresis loop from the ferromagnetic phase. The shift of the magnetic hysteresis loop means the presence 

of an exchange bias interaction between AFM and FM phases in the sample [46]. AFM / FM interaction 

https://journals.aijr.org/index.php
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can be realized in nanoparticles of antiferromagnetic materials in the presence of uncompensated spins on 

the surface of these particles, which, upon magnetic interaction with each other, form the FM phase. In the 

case of sample 1, the AFM / FM interaction is expected in NiF2 nanoparticles at T <73.2 K, since nickel 

fluoride at T = 73.2 K undergoes a transition to the antiferromagnetic phase.  

Due to edge effects, graphite nanoparticles, like NiF2 nanoparticles, can acquire ferromagnetic properties 

that are not inherent in macroscopic analogs [47]. Therefore, the ferromagnetic contribution to the field 

dependence M (H) of sample 1 from graphite nanoparticles is possible. Further experimentation is required 

to resolve this issue. 

At T = 300 K, the general form of the M (H) dependence corresponds to the presence of diamagnetic and 

ferromagnetic phases in sample 1 (Fig. 9b, Fig. 9c, Fig. 9d). The diamagnetic phase manifests itself in the 

presence of a negative linear dependence M (H) (Fig. 9b), the ferromagnetic component manifests itself in 

the presence of a magnetic hysteresis loop (Fig. 9c). It is realistic to believe that in sample 1, its carbon 

component exhibits diamagnetic properties, since diamagnetism is inherent in carbon materials [48]. 

At T = 300 K, no shift of the magnetic hysteresis loop is observed (Fig. 9c). It can be assumed that the 

ferromagnetic component is associated with the interaction of uncompensated spins on the surface of NiF2 

nanoparticles. In this case, the substance of the particle core is in a paramagnetic state, since T = 300 K is 

higher than the Néel temperature. Under these conditions, there is no AFM / FM interaction between the 

core and the shell of particles and, accordingly, no shift of the magnetic hysteresis loop is observed. 

At T = 300 K, against the background of the linear “diamagnetic” component of the M (H) curve, abrupt 

changes in M (H) are observed, located anti-symmetrically relative to the M axis (Fig. 9d). This type of 

dependence was observed by us earlier for nanocomposites obtained using copper electrodes [16]. These 

composites, like sample 1, contain nano-sized graphite-like regions. In [16], it was assumed that the abrupt 

changes in M (H) can be explained by the existence of Josephson contacts in the sample, which can be 

represented by graphite-like granules placed in a matrix of amorphous carbon [49, 50]. The same 

explanation can be applied to sample 1. However, another explanation can be offered. As is known, 

uncompensated spins exist at the edges of nanosized graphite regions [47], which can be in exchange 

interaction and form an analogue of the AFM state of these regions. According to Raman data, sample 1 

contains nanosized graphite-like regions. Therefore, it can be assumed that the jumps on M (H) are 

associated with the reorientation of spins located at the edges of these regions and reflect transitions similar 

to the known magnetic phase flip-flop transitions in antiferromagnetic materials [51, 52]. To clarification 

the real nature of the observed jumps in M (H), separate additional experiments are required. 

3.2 Samples obtained by annealing sample 1 under various conditions 

Sample 1 was annealed at different temperatures in air and in argon. The structure and composition of the 

samples obtained as a result of annealing have been studied. 

3.2.1 Sample 2, obtained by annealing sample 1 in air for 1 hour at 773 K 

The diffractogram of sample 2 is shown in Fig. 10. It contains crystalline peaks related to PTFE [27] and a 

set of low intensity crystalline peaks corresponding to the spectrum of NiF2. Also, the diffractogram of 

sample 1 has a halo in the region 2Ө = 20÷30o, which is characteristic of carbon materials in a state of a 

disordered phase [28]. In addition, the diffraction pattern contains a peak with d = 3.425 and a low-intensity 

halo located in the region 2Ө = 41÷45o, which can correspond to the spectrum of low-layer graphene [53, 

54]. 
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Figure 10: XPA spectrum of sample 2, the inset shows an enlarged fragment of the diffractogram, where the 

peaks corresponding to NiF2 are indicated. 

 

Figure 11: SEM (a) and STEM (b) of sample 2 

In fig. 11 shows the SEM and STEM images of sample 2. It follows from the SEM data that in sample 2, 

as well as in sample 1, there are nano-sized blocks, but unlike the blocks of sample 1, they have larger sizes 

(up to 300 nm) and have a layered structure (Fig. 11a). According to the STEM data, nanoparticles near 5 

nm in size are embedded in the material of the blocks (Fig. 11b). Based on the XPA data, it is realistic to 

assume that these nanoparticles contain NiF2. 

The Raman spectra of sample 2 recorded at different points are different (Fig.8c, Fig.8d). In some places, 

they are similar to the Raman spectra of sample 1, and correspond to the spectrum of graphitized regions 

with structural disordering - Fig. 8 c. The sizes of graphitized regions, estimated by the formula of F. 

Tuinstra and J. Koening, are equal to ~ 3.5 nm. Elsewhere, the Raman spectrum contains an intense peak 

with a maximum at 2685 cm – 1 (Fig. 8d), which indicates the presence of graphene regions in the sample 

[55]. In addition, in the spectrum shown in Fig. 8d, a broad peak is seen with a maximum at 537 cm – 1, 

which can be attributed to the Raman signal from nickel oxide. In the XPA spectrum, peaks from nickel 

oxide are not observed, possibly due to the fact that NiO enters sample 2 in an amorphous form or its 

content in the sample is very small. The most probable place for the formation of NiO upon annealing of 

sample 1 is the surface of NiF2 nanoparticles. It is realistic to assume that NiO is formed on the surface of 

NiF2 nanoparticles in the form of a shell. 
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The IR spectrum of sample 2 (Fig. 6b), like the spectrum of sample 1, contains peaks that are characteristic 

of stretching vibrations of CF2 groups in PTFE [33], at 1223 cm– 1 and 1157 cm – 1. The spectrum contains 

the peak at 1588 cm– 1 corresponding to vibrations of double bonds of hexagonal groups in the plane of 

atomic layers of graphite [34]. In addition, the spectrum contains the band with maximum at 1763 cm-1 

located in the range of bond vibration frequencies –CF = CF– (1730, 1717 cm- 1) and –CF = CF2 (1785 

cm-1). These bonds arises when bonds are broken in PTFE molecules [16]. In the low-frequency region of 

the spectrum, low-intensity peaks are observed at 620 cm- 1, 539 cm- 1, 490 cm- 1, which characterize the 

supramolecular structures of PTFE [33,34]. It should be noted that, in comparison with the spectrum of 

sample 1, in the IR spectrum of sample 2 there is no band in the range 1200 - 1500 cm-1, in which the 

frequencies of stretching vibrations of C–C and C–O bonds in aliphatic carbon, as well as C–F bonds in 

fluorinated forms of carbon [32] are expected. Its absence in sample 2 indicates the high proportion of 

graphitization of amorphous carbon from the composition of sample 1, which occurs during its annealing. 

From consideration of the data obtained, it follows that when sample 1 is annealed in air for an 1 hour at 

773 K, graphitization of the carbon material occurs, the annealed sample still contains PTFE, some of the 

PTFE molecules of the initial sample undergo ruptures, after which bonds are formed - CF = CF- and (or) 

-CF = CF2. The carbon portion of sample 2 contains nanoscale disordered graphite-like structures and 

nanoscale graphene regions. In these structures, particles are scattered that contain NF2 and NiO. The sizes 

of nanoparticles are near 5 nm. 

3.2.2 Sample 3, obtained by annealing sample 1 in air for 1 hour at 1173 K  

Sample 3 was obtained in small quantities. This is due to the fact that the carbon and fluorocarbon 

components of the sample, which make up most of it, pass into a gaseous state when heated to 1173 K. In 

fact, we obtained a film on the surface of a platinum crucible, in which annealing was performed. Sample 

3 was studied by SEM, STEM, and Raman scattering methods. According to the SEM and STEM data, the 

sample is composed of nanoparticles near 5 nm in size (Fig. 12 a, Fig. 12b).  

 

Figure 12: SEM (a) and STEM (b) of the sample 3. 

The Raman spectrum of sample 3 contains bands with maxima at 530 cm– 1 and 1060 cm– 1, which 

correspond to the spectrum of nickel oxide [56] - Fig. 8 e. It follows from the STEM and Raman data that 

after annealing sample 1 in air at 1173 K, it is converted into nano dispersed nickel oxide with a particle 

size near 5÷8 nm. 

3.2.3 Sample 4, obtained by annealing sample 1 in an argon atmosphere for 1 hour at 1073 K  

The diffractogram of sample 4 is shown in Fig. 13. It contains low intensity crystalline peaks, the position 

of which corresponds to the spectrum of crystalline Ni. Also, the diffraction pattern of sample 1 sample 4 

has a halo in the region 2Ө = 20÷30o, which is characteristic of crystalline carbon materials in a state of a 

disordered phase [28]. 
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Figure 13: XPA spectrum of sample 4 

 

Figure. 14: SEM (a) and STEM (b, c) of the sample 4, (c) – after digital filtering 

As well as sample 1, sample 4 consists of branched and intertwined chain structures built from blocks. 

Transverse block sizes 50 ÷ 100 nm (Fig. 14a). The STEM images of sample 4 show inclusions of particles 

near 5 nm in size (Fig. 14 b). It is realistic to assume that these are Ni particles. 

The Raman spectra of sample 4 (Fig. 8b) are similar to the spectra of sample 1 (Fig. 8a) and show that, in 

sample 4, as well as in sample 1, there are nanosized graphitized regions with structural disordering. The 

sizes of the regions, estimated by the formula of F. Tuinstra and J. Koening, are equal to ~ 3.5 nm. The IR 

spectrum of sample 4 is shown in Fig. 6c. The spectrum contains a peak at 1570 cm – 1 corresponding to 

vibrations of double bonds of hexagonal groups in the plane of atomic layers of graphite [34]. The spectrum 

contains a band at 1726 cm-1 located in the frequency range of vibrations bonds of  –CF = CF– and –CF 

= CF2. In the region where the peaks characteristic of stretching vibrations of CF2 groups in PTFE [33] are 

expected to be observed, the broad asymmetric band with a maximum at 1231 cm– 1 is recorded. Judging 

by it asymmetry and position and width, it can be assumed that it band is associated with stretching 

vibrations of C-F bonds, which is formed when the molecules of PTFE is disrupted. The similar broaden 

bands, due to the formation of defects in PTFE molecules, was observed, for example, in PTFE irradiated 

with argon ions [57]. 

From the STEM, Raman, and IR data, it follows that after annealing sample 1 in an argon atmosphere at 

1173 K, it contains Ni nanoparticles near 5 nm in size.  Particles are scattered throughout the carbon - 

fluorocarbon substance. The carbon portion of sample contains nano-sized graphitized regions. 
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3.2.4 Discussion of the results of annealing sample 1 under various conditions 

From the above, it follows that to obtain samples containing NiO and Ni nanoparticles with small 

nanosized sizes, less than 5 nm, method that does not use salts and liquids or special porous matrix was 

used. Such conditions simplify the experiment and make it possible to quickly obtain samples for research. 

In the nanocomposites obtained, NiO and Ni nanoparticles are located isolated from each other in a 

carbon-fluorocarbon matrix. This implies the possibility of nanoparticles exhibiting their special properties 

associated with their nanosize. The matrix contains nanoscale areas of graphite and graphene. It is known 

that these nanoobjects have been actively studied recently for applications in various fields [6, 26, 58]. 

When sample 1 is annealed in air at 1173 K, nickel fluoride contained in NiF2 nanoparticles transforms into 

NiO. This result requires separate consideration. Direct interaction of NiF2 with O2 in the classical version 

is not expected since fluorine is the most electronegative element. To resolve this issue, it can be assumed 

that, under the influence of temperature, NiF2 contained in nanoparticles first loses fluorine and only after 

that Ni is oxidized by atmospheric oxygen to NiO. Accordingly, upon annealing sample 1 in an argon 

atmosphere, fluorine is lost by NiF2 nanoparticles and Ni nanoparticles are persist and without oxidation. 

Various mechanisms of the loss of fluorine atoms by NiF2 nanoparticles can be assumed. The simplest 

option is the loss of fluorine by NiF2 nanoparticles under the influence of temperature. The loss of fluorine 

can occur, starting from the surface of nanoparticles, on which the bonds of fluorine with Ni are different 

from those in the bulk and, possibly, are partially broken and weakened. The percentage of bonds located 

on the surface of nanoparticles is high; therefore, the removal of fluorine can occur rather intensively. 

Another option can be assumed. It is known that the loss of fluorine by metal fluorides can occur during 

their interaction at high temperatures with fullerenes [59]. It is possible that carbon structures with the same 

properties as fullerenes are formed in the carbon fluorocarbon matrix of the initial composite obtained by 

us during its annealing. A significant change in the structure of the carbon matrix of the initial composite 

can be seen from the data on its annealing in air at 773 K, at which graphene regions are formed in the 

sample. These data are consistent with our earlier data that various annealing of nanocomposites obtained 

by the method that used the same way as in this article can form a variety of carbon structures [60]. It can 

be assumed that the carbon structures formed upon sample annealing, similarly to fullerenes, interact with 

NiF2 and take fluorine from them. 

The investigations of the annealed samples carried out in this work are only preliminary. However, the 

results already obtained and literature data suggest that further studies of the properties of the obtained 

nanocomposites and their annealing transformations may can lead to interesting results related to properties 

of the nanoparticles NiF2, NiO and Ni and nanographite and nanographene.  

4 Conclusions 

 Joint consideration of all the data obtained allows us to make the following generalization. Sample 1, 

obtained in the plasma of the pulsed high-voltage discharge, using nickel electrodes and PTFE, is a 

nanocomposite containing NiF2 nanoparticles near 5÷8 nm in size, scattered in a matrix of nanosized blocks 

50 ÷ 80 nm in size composed of carbon and of fluorocarbon components. The carbon component contains 

amorphous carbon and nanoscale disordered graphite-like structures. The carbon fluoride portion of the 

sample contains fragments of PTFE molecules and non-PTFE molecular fragments. Non - PTFE 

fragments contain C-F bonds and double bonds between carbon atoms. The magnetic properties of the 

obtained composite exhibit features associated with the incorporation of nanosized particles of matter into 

its composition. This is the temperature hysteresis of the dependences of the magnetic susceptibility 

recorded in the FC and ZFC modes; the presence of a magnetic exchange bias interaction of the AFM / 

FM type at T = 4 K; the presence of a ferromagnetic phase at T = 300 K. The composite has an unusual 

field dependence of the magnetic susceptibility M (H) at T = 300 K. With an increase in the magnetic field 

strength, several reversible abrupt changes in the magnetic susceptibility are observed. The amplitude of 

the changes decreases with increasing magnetic field strength. The pattern of changes is antisymmetric 
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about the M axis. It is of interest to clarify the nature of these changes. After annealing sample 1 in different 

atmospheres and at different temperatures, various changes in its chemical composition and morphology 

take place. After annealing in air at 773 K, a nanocomposite was obtained, consisting of nanoparticles 

containing nickel fluoride and nickel oxide near 5 nm in size, scattered in a matrix consisting of nanoscale 

graphite regions, nanosized grapheme regions, and nanosized PTFE regions. After annealing sample 1 in 

air at 1173 K, a nano dispersed powder was obtained, consisting of NiO nanoparticles near 5 ÷ 8 nm in 

size. After annealing the sample in an argon atmosphere at 1073 K, a nanocomposite was obtained 

consisting of nickel nanoparticles near 5 nm in size, scattered in a carbon matrix containing nanosized 

graphitized regions. The transformation of NiF2 nanoparticles into NiO and Ni nanoparticles is probably 

related to their nanosize and their interaction with the matrix. However, this fact requires a more detailed 

study. The applied methods of obtaining samples are promising for obtaining nanoparticles of metal 

fluorides, metal oxides and metals with sizes less than 10 nm, as well as for obtaining nanoscale allotropic 

modifications of carbon. 
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