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Abstract—This paper investigates the physicochemical characteristics and gas-sensitivity mechanisms of
nickel oxide (NiO) and nickel ferrite (NiFe,O,) obtained by levitation-jet synthesis LJS). Properties of syn-
thesized materials were examined using various spectroscopic methods. XPS showed that the presence of
Ni3* ions in samples reduced significantly with an increase in the specific surface area of the powders and a
decrease in the average diameter of their particles. In this regard, it can be concluded that the number of
uncompensated Ni2* vacancies in such samples also decreases and the concentration of O*~ vacancies, on
the contrary, increases significantly. The Raman spectra of nanoscale NiO lacked a magnon band, which is
usually observed at v = 1500 cm~!, whereas the spectrum of nanoferrite sample had a pronounced 2M band,
which indicates an increase in spin correlation. According to the analysis of UV spectra of the samples, there
is an increase in reflectivity values with an increase in wavelength for large nanoparticles when compared to
the corresponding values for small particles. In this regard, we suggested that Ni-based oxide nanoparticles
are semiconductors with an indirect transition to band-gap energy, and this is in sharp contrast to the data
obtained earlier by other researchers. The gas sensitivity of nanoscale powders was investigated in relation to
carbon monoxide and nitrogen dioxide at operating temperatures of 350—500°C. An evaluation of the results
made it possible to conclude that the operating characteristics of the sensors that we propose are superior in
a number of parameters to the similar characteristics of sensors made of commercial powders, as well as of
powders obtained by other synthetic methods.

Keywords: levitation-jet synthesis, nanoparticles, nickel oxide, nickel ferrite, gas-sensing properties, gas sen-
sors, carbon monoxide, nitrogen dioxide
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INTRODUCTION

In recent decades, gas sensors created based on
metal oxide semiconductors (MOS) using various lab-
oratory or industrial technologies have been the sub-
ject of intensive research with a view to their possible
application for monitoring and controlling production
processes, as well as for assessing the quality of the
environment [1]. Moreover, such sensors have been
used in many technological processes, including those
with commercial applications [2]. However, there is a
certain limitation associated with their low selectivity
to the effects of gases when using sensors that are bulky
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structures [3]. Their selectivity can be improved
through various methods, including precision tem-
perature control and the use of certain surface addi-
tives [4]. One of the most effective methods in this
direction is the use of nanopowders as working mate-
rials [5].

Relatively recently, nickel oxide (NiO), as well as
ferrites (such as NiFe,0,), have been used as materials
for gas-sensitive sensors for detecting potentially haz-
ardous gases of various types [6—8]. Recently, when
conducting research into nanoscale magnetic struc-
tures, much attention has been paid to the controlled
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Table 1. Synthesis conditions and some physicochemical characteristics of nickel-containing nanoparticles obtained by the

LJS method

Sample Synthesis conditions d, nm NiO, vol % E,, eV Sepecs m?%/g
N1 500 L/h He; 1 g/h Ni 23 17 2.22 29.8
N2 1000 L/h He; 200 L/h O,; 1 g/h 8 100 2.72 103.0
N3 1000 L/h He; 100 L/h O,; 0.4 g/h 7 100 3.28 117.0
N4 NiO (TU 6-09-5095-83) 230 100 3.18 3.77
N5 NiO (Aldrich 6-67) 37 um 100 1.50 23.6
N6 500 L/h He; 9 L/h of air; 2 g/h Ni; 3.5 g/h Fe 31 0 — 36.3

synthesis of nanosized ferrites, since the distribution
of cations and the resulting magnetic properties of
powders differ significantly in comparison with their
bulky counterparts [5, 9].

For the synthesis of nanosized powders of spinel
nickel ferrite (NiFe,0,), the following techniques
were developed: coprecipitation [10], the sol—gel
method [11], shock-wave synthesis [12], mechanical
alloying [13], etc. However, until now no alternative,
relatively simple methods have been developed for the
synthesis of nanocrystalline NiFe,O,, which is cur-
rently obtained as a result of rather complex multistage
synthetic approaches. Among these methods, levita-
tion-jet synthesis (LLJS) has real advantages, since it
allows the simultaneous control of the size, shape, and
oxidation state of synthesized nanoparticles [14].

The aim of this work is to synthesize Ni/NiO and
NiFe,0, nanopowders by LJS; investigate the mor-
phology, phase composition, and optical—spectro-
scopic characteristics of the nanoparticles; and fabri-
cate gas sensors based on these nanoparticles and
examine their gas sensitivity in the presence of trace
concentrations of carbon monoxide and nitrogen
dioxide.

EXPERIMENTAL PART
Materials, Equipment, and Research Methods

Synthesis of nanomaterials. Nickel-containing
oxide nanoparticles were synthesized using the modi-
fied Gen—Miller levitation-jet method [15—18]. In
this method, a droplet of metal (alloy) is suspended
inside a quartz tube of a certain size and is heated to its
melting point and initial vaporization by means of an
electromagnetic field generated by a high-frequency
generator. The levitating droplet is blown with a con-
trolled flow of an inert He/Ar gas at normal pressure.
For the formation and evaporation of the levitating
droplet, wires of pure metals are used which continu-
ously supply metal to the high-temperature reaction
zone. For the synthesis of oxide nanoparticles, the
required amount of gaseous oxygen/air was intro-
duced into the main gas flow.

Methods for investigating the synthesized materials.
The crystal structure and phase composition of the
corresponding nanopowders were studied by X-ray
diffraction using the DRON-3M diffractometer
(CuK, or FeK, -radiation) manufactured by NPP
Burevestnik (St. Petersburg). X-ray phase analysis
(XPA) was carried out using the Crystallographica
SearchMatch and PowderCell software and the PDF2
database. The morphology of the powders was studied
by transmission electron microscopy (TEM) using a
JEM-1200 EX II microscope (Jeol, Japan) and scan-
ning electron microscopy (SEM) using a LEO 1450
microscope (Carl Zeiss, Germany). The electron
micrographs were analyzed in the AxioVision imaging
software in order to determine the average particle
size. The specific surface of the nanoparticles was
studied by the four-point BET method using the
SORBI-M device (ZAO META, Novosibirsk). X-ray
photoelectron spectra (XPS) were obtained using the
Thermo Scientific X-ray Photoelectron Spectrometer
(United States) with the monochrome AlK, source
(1486.6 eV). UV spectra in the visible range were
detected using the Lambda 950 spectrocolorimeter
(PerkinElmer Inc., United States) with a built-in
spherical detector. Raman spectra were detected at
room temperature using the InVia Raman tool manu-
factured by Renishaw.

Fabrication of gas sensors. The resulting nanopow-
ders were mixed with a special composition for prepar-
ing a suspension in accordance with the previously
developed technique [19]. These suspensions were
applied directly to golden electrodes located on the
surfaces of alundum plates 3 X 3 mm in size by screen
printing. Then they were calcined in a furnace at t =
600°C for 1 h [20, 21]. Experiments for determining
the gas sensitivity were carried out using the setup
described earlier [20] at the constant operating tem-
perature in the range 7= 300—500°C. Responses of the
sensors to the action of a number of gases, namely car-
bon monoxide and nitrogen dioxide, in ecologically
significant concentrations were investigated [1]. Spe-
cific characteristics of the materials of the gas sensors
created based on synthesized nanopowders are given
in Table 1.
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Fig. 1. X-ray spectra of nanopowder samples obtained in
the LJS mode. Sample numbers correspond to the nomen-
clature presented in Table 1.

RESULTS AND DISCUSSION
XPA Results

Figure 1 shows X-ray diffraction patterns of sam-
ples N1—-N6. For sample N1, the phase of cubic nickel
(JCPDS card 04-0850) was determined as the princi-
pal phase with parameter ¢ = 0.3524 nm. Diffraction
patterns of samples N2—NS5 confirm that these sam-
ples contain pure rhombohedral NiO (JCPDS card

44-1159) as the principal phase with unit-cell parame-
tersa=0.2955nm and ¢ = 0.7228 nm. No other impu-
rity phases were found in the samples. The powder dif-
fraction pattern of sample N6 corresponded to the
structure of nickel nanoferrite NiFe,O, (JCPDS 44-
1485) with a spinel structure and a = 0.8339 nm [22].

Results of Electron Microscopy and Examination
of the Specific Surface Area of Powders

Micrographs of nanoparticles of the nickel-con-
taining powders obtained using transmission and
scanning electron microscopes (Fig. 2) confirmed the
cubic morphology with an average particle size d <
100 nm in all Ni/NiO samples. The exception was
commercial material N6, the powder particles of
which had an oval shape and d > 10 pum. The morphol-
ogy of the NiFe,0, (N6) sample (Fig. 2f) differs sig-
nificantly from that in N1—NS5. The particle shape in
N6 was predominantly hexagonal. Specific surface
areas (Sg,.) for the investigated powders are given in
Table 1.

Results of Powder Studies Using XPS Spectroscopy

Various practically important physical properties of
Ni-based nanoparticles arise due to the dominant
contribution to their defect structure made by cations
(Ni?*) and anions (O?"), which are the main sources
of defects in NiO [23]. The presence of each of the

Fig. 2. Micrographs of nanopowder samples obtained using transmission and scanning electron microscopy: (a) N1, (b) N2,
(c) N3, (d) N4, (e) N5, and (f) N6. Sample numbers and synthesis parameters are given in Table 1.
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Fig. 3. XPS of Ni 2p (a) and O 1s (b) of the studied Ni-containing nanopowders.

Ni?" vacancies in their structure leads to the transfor-
mation of two neighboring Ni?* ions into Ni3* ions to
ensure charge neutrality, thereby causing lattice dis-
tortion. The presence of Ni*" ions in the samples was
confirmed using XPS, the results of which are shown
in Fig. 3. Two pronounced peaks at U = 854.0 and
872.7 eV in the spectrum of Ni 2p correspond to the
doublet of Ni 2p;, and Ni 2p, , (see Fig. 3a).

As a result of stirring processes in the samples, their
spectra also contain peaks at U = 879.4 and 861.0 eV
[24]. In the O ls spectra (Fig. 3b) of sample N2, the
peaks at U= 529.5 and 532.0 eV indicate that its struc-
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Fig. 4. Raman spectra of powders of nanosized materials
obtained by the LJS method.
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ture contains O%~ ions bound to Ni** and Ni’**, respec-
tively. For sample N3, the corresponding peaks were
detected at U = 529.7 and 533.5 eV, respectively. After
comparing the intensities of the corresponding peaks
in these two samples, it became clear that the presence
of Ni** in sample N3 decreased significantly [23].
Thus, it can be concluded that sample N3, when com-
pared to N2, had fewer uncompensated Ni2* vacancies
and a significantly higher concentration of O*~ vacan-
cies, like in the ferrite sample (N6).

Results of Investigating the Powders
Using Raman Spectroscopy

Raman spectroscopy (RS) is very sensitive to the
state of the microstructure of nanocrystalline materi-
als. The Raman spectrum of pure NiO obtained at
room temperature consists of several bands: five vibra-
tional bands of the one-phonon (1P) mode TO (at
~400—440 cm™") and LO (at ~560 cm™'); two-phonon
(2P) modes 2TO (at ~740 cm™!), TO + LO (at
~925 cm™"), and 2LO (at ~1100 cm™!); and two-mag-
non (2M) band at ~1500 cm~' [25]. Most of the spec-
tra of the NiO samples (Fig. 4) demonstrate the pres-
ence of Raman bands located at 380, 520, 710, 880,
and 1080 cm™', respectively. These shifts in the spectra
correspond to the structure of nanosized NiO [26]. It
was noted that the intensities of two Raman bands
(520 and 1080 cm™!) increase with an increase in the
average size of nanoparticles. The Raman spectrum of
our samples lacked the magnon band, which is usually
observed at 1500 cm~'. However, the study of the spec-
trum of the ferrite image (N6) showed the presence of
a pronounced 2M band, while other bands were less
pronounced.

Vol. 61 No.5 2020
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Fig. 5. UV diffuse reflectance spectra in the visible region (a) and the values of the band gap in the spectra of a number of

nanoparticles determined using function (1) (b).

Results of Investigating the Powders
Using Ultraviolet—Visible Spectroscopy

The diffuse reflectance UV spectra for some sam-
ples are shown in Fig. 5a. An analysis of Fig. 5a
showed that large nanoparticles exhibit higher reflec-
tance values with the increasing wavelength when
compared with the corresponding values for small par-
ticles, which is a consequence of the scattered radia-
tion of clusters of NiO nanoparticles. All spectra were
analyzed using the Kubelka—Munk function F(R) [27]
associated with diffuse reflection by the following
expression:

F =(1-R)*/(2R). (1)

Here, R is the absolute reflectance and F is the
coefficient equivalent to the absorption coefficient.
The most effective approach to the analysis of such
spectra is to determine the transition band for the gap
E,, which was estimated by plotting (FE)** as a function
of the photon energy £ (Fig. 5b) [28]. The linear parts
of the corresponding curves were extrapolated to zero in
order to determine the value of the band gap [29].

Investigation into the Gas Sensitivity of Sensors
Based on Nickel-Containing Powders

In this work, the gas-sensitive properties of the sen-
sors based on NiO and NiFe,O, nanopowders
obtained by LJS were investigated. In addition, the
results were compared with the gas sensitivity of the
sensors based on commercial NiO powders. The sen-
sors were tested under conditions of exposure to vari-
ous concentrations of gases at specific operating tem-
peratures in order to identify optimal experimental
conditions for each specific device.

RUSSIAN JOURNAL OF NON-FERROUS METALS
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It is known that MOS sensors are mainly evaluated
in terms of their maximum sensitivity when exposed to
the test gas and heated to temperatures usually in the
range of 200—500°C [30]. It is generally accepted that
changes in the electrical resistance of the sensor hap-
pen either due to the presence of space charge, effects,
and surface vibrations caused by ionosorbed gaseous
impurities or due to alterations in the oxygen stoichi-
ometry of the used gas-sensitive material [31]. Typi-
cally, n-type semiconductor materials react to the
presence of a reducing gas in the atmosphere by the
decreasing sensor resistance and, accordingly,
the increasing electrical resistance R/R, when an oxi-
dizing gas is supplied [3]. The p-type semiconductor
materials exhibit the opposite behavior. NiO is a
p-type semiconductor material and is widely used as a
working material for sensors of various gases. The
presence of satisfactory gas-sensitive characteristics of
spinel ferrite (NiFe,O,) was also confirmed in the
studies of other authors [32]. Usually it is a p-type
semiconductor, whose behavior is determined by the
presence of holes between Ni?* and Ni** in the octa-
hedral sites of the corresponding lattices [33].

In our study, the sensor based on commercial NiO
powders, as well as the sensors made using NiO nano-
powders produced by LJS, demonstrated the presence
of p-type conductivity, while the sensor based on
nickel ferrite (NiFe,O,) was characterized by n-type
conductivity; therefore, its response was identified as
Ry/R.

Behavior of gas sensors in the presence of carbon
monoxide. The fabricated sensors were investigated in
the presence of carbon monoxide in concentrations
from 50 to 500 ppm, as well as at various temperatures
(in the range of 300—500°C). The sensors showed neg-

No.5 2020
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Table 2. Responses of sensors based on materials produced
by LJS to temperature () and concentration (c) of carbon
monoxide

R/Ry (Ro/R)
t, °C |c, ppm
N1 | N2 | N3 | N4 | N5 | N6
300 | 50 |0.021]0.029|0.016 | 0.024| 0.031 | 0
100 | 0.034| 0.043| 0.031 | 0.034| 0.052|0
200 |0.043|0.057 | 0.034| 0.041| 0.063| 0
300 | 0.05 |0.065|0.035]0.045|0.075|0
500 | 0.057|0.072| 0.035| 0.046| 0.087 | 0
350 | 50 |0.077]0.144| 0.044| 0.087| 0.107 | 0
100 | 0.033] 0.064| 0.006 | 0.035| 0.081 | 0.008
200 | 0.037 | 0.065| 0.002 | 0.031 | 0.103 | O
300 |0.044]0.073|0 0.03 | 0.121 | 0.008
500 | 0.056| 0.081|0.001 | 0.034| 0.143 | 0.033
400 | 50 ]0.092]|0.141 | 0.089| 0.103 | 0.107 | O
100 | 0.054| 0.079| 0.041 | 0.053| 0.107 | 0
200 |0.065]0.099(0.039| 0.055| 0.142 | 0.003
300 |0.078]0.114 | 0.042| 0.06 | 0.165 | 0.014
500 |0.095|0.127 | 0.042] 0.067| 0.195 | 0.032
450 | 50 ]0.05 |0.068|0.066| 0.054|0.055] 0.014
100 | 0.059| 0.089| 0.046| 0.052| 0.093| 0.02
200 |0.081]0.102 | 0.054| 0.063| 0.128 | 0.033
300 |0.096] 0.117 | 0.054| 0.073 | 0.154 | 0.033
500 | 0.116 | 0.144 | 0.057 | 0.181 | 0.087 | 0.042
500 | 50 |0.092]0.127 | 0.184 | 0.114 | 0.049| 0
100 | 0.062| 0.075| 0.107 | 0.061 | 0.069 | 0
200 |0.0890.109 | 0.115 | 0.076 | 0.102 | 0.006
300 | 0.107 | 0.135] 0.123 | 0.089| 0.128 | 0.01
500 |0.130 | 0.169 | 0.127 | 0.106 | 0.162 | 0.008
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ligible response to these test concentrations in the
studied temperature range (Table 2). Similar results
were obtained in [34], when the CO concentration of
<500 ppm was applied to a gas sensor based on
NiFe,O,. The sensor response values slightly
increased during experiments with CO concentrations
exceeding 1000 ppm [34].

Behavior of gas sensors in the presence of nitrogen
dioxide. At relatively low concentrations of NO, (at the
ppb level), the behavior of the sensors was as follows:
in n-type sensors, in the presence of NO,, the electri-
cal resistance increased, and electrical resistance
decreased in the sensors originally characterized as
p-type.

The sensors generally showed a rather weak
response to the presence of NO,, except for a sensor
based on nickel ferrite (Fig. 6). The latter, at ¢ =
350°C, began to show a response in the presence of
NO, at a concentration of 50 ppb; this response sig-
nificantly increased with the temperature decreasing
to 300°C. When gas was supplied at a concentration of
500 ppb, the peak maximum in the sensor response
graph decreased, which could be due to a number of
near-surface exchange reactions.

We would like to note the increase in the response
level of the N6 sensor based on nickel ferrite to the
presence of NO, at a concentration of 500 ppb in the
atmosphere by more than an order of magnitude in
comparison with similar indicators of sensors based on
commercial nickel oxide. The increase in the response
level was also significant in comparison with other
sensors based on NiO nanoparticles obtained in the
LJS mode.

Similar studies by other authors reported the gas
sensitivity of NiO-based nanoparticles to NO,. They
found similar effects, confirming that these materials
were weakly sensitive to the presence of NO, in the
atmosphere, even at concentrations about 10 ppm
[35, 36]. Thus, our gas sensor based on nickel ferrite
powder demonstrated high stability of operation when
exposed to insignificant concentrations of the studied
gases, which indicates good prospects for its use in
terms of selectivity.

It should also be noted that the gas sensitivity of the
sensor based on nickel ferrite obtained in the LIJS
mode was much better than that of other sensors based
on nanoparticles obtained in the LLJS mode (NiO) pre-
pared in this study, as well as with respect to the char-
acteristics of the sensor created using commercial NiO
powders. The N1 and N2 sensors are also promising
for testing in various gas atmospheres. It is interesting
to note that, although the N2 and N3 sensors have
similar microstructures and particle morphology, they
respond differently to the presence of the gases of
interest. This may be a result of certain differences in
the conditions of the LJ synthesis and/or the result of

Vol. 61 No.5 2020
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Fig. 6. Responses of N1—N6 sensors to the presence of nitrogen dioxide in the atmosphere in various concentrations (50—
500 ppb) at the operating temperature of 300°C (a) and its exploded view for responses of sensors N1—-N5 (b).

the effect of materials sintering as early as at the stages
of the direct fabrication of the sensor. It is possible that
this also affected the microstructure of gas-sensitive
materials in such a way that the access of gases through
the near-surface layers was somewhat limited (for
example, for the N3 sensor).

CONCLUSIONS

For the controlled (in terms of the morphology and
sizes of nanoparticles) synthesis of nanopowders of
metal oxides based on nickel (including a complex
oxide material such as spinel nickel ferrite), in order to
assess the possibility of their use as a basis for creating
gas-sensitive sensors, the method of LJS was
employed. Materials synthesized in the LJS mode and
sensors based on them, in comparison with sensors
created on the basis of commercial material (NiO),
demonstrate higher performance. A gas sensor based
on NiFe, O, showed the strongest response to the pres-
ence of the gases under study, including at extremely
low concentrations, despite the presence of other sen-
sors in the block with it, which had even more devel-
oped surfaces of working materials. Moreover, this
sensor showed varying degrees of sensitivity with
respect to the gases under investigation, thus indicat-
ing a high potential in terms of selectivity. Thus, it is
confirmed that the LJS method is promising for the
production of simple and complex oxide materials,
simultaneously allowing for precise control over size,
shape, and composition of nanoparticles, which, in

RUSSIAN JOURNAL OF NON-FERROUS METALS
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turn, makes it possible to increase the productivity of
gas sensors created on the basis of LJS materials. Sen-
sors of this type are promising for future environmen-
tal and commercial applications involving the contin-
uous analysis of the composition, quality, and pollu-
tion of ambient air, even in cases of their long-term
operation.
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