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Abstract

Many technological applications demand for large amount of nanoparticles with well-defined
magnetic properties, which target is feasible only by using large-scale production methods. In this
framework, we have performed structural and local geometric investigations of cobalt oxide
nanoparticles synthesized by high temperature arc plasma route in helium and in air atmosphere
with different arc currents, a competitive and low cost technological approach to synthesize large
quantity of different types of nanoparticles. The complex scenario of phase fraction, shape, size
distribution and hysteresis loop features of high temperature arc plasma synthesis of nanoparticles
can be determined by the arc current and the selected gas. The X-ray diffraction (XRD) patterns
describe a multicomponent phase formation containing cubic cobaltous oxide (CoO), cobaltic
oxide (Co0304) and metallic cobalt phases. The synthesis of different phases is confirmed by X-ray
absorption spectroscopy (XAS) measurements at the Co K edge. Actually, both Extended X-ray
absorption fine structure (EXAFS) and X-ray absorption near edge structure (XANES) analyses
show the presence of metallic nanoparticles in He ambience at high arc current. Moreover, high-
resolution transmission electron microscopy (HRTEM) images and magnetic hysteresis loop
measurements show that the mean particle size increases and the coercivity reduces with increasing
arc current in air ambient due to the intense particle-particle interaction. At variance, in helium
atmosphere synthesized samples due to the high quenching rate and the high thermal conductivity,
a multi-domain formation in which the nanoparticles crystalline fraction decreases and a
fluctuating coercivity due to core-shell structure is observed.
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1. Introduction:

Nanometer-sized semiconductors, metallic and dielectric materials attract a large interest due to
their advantages in the fabrication of magnetic, electronic and optical devices. However, when any
material is reduced to nanometer dimensions, an interplay among different physical and chemical
interactions occur, and new properties may emerge [1]. As an example, compared to their bulk
counter-parts, magnetic cobalt and iron oxides nanoparticles exhibit a higher coercivity and

squareness because of their high surface to volume ratio [2].

Magnetic nanoparticles have attracted significant attention in last few decades for their unique
mesoscopic properties and applications [3-5], e.g., in opto-electronics where in comparison to
two-dimensional (2D) arrays, small magnetic domains may gain advantages from the collective
behavior of a dense nanostructure. Moreover, other nanostructured systems like nanorods,
nanoribbons, nanowires, etc., can be used to fabricate devices [6-8]. Nanostructures, are typically
characterized by their interaction processes, long-range periodicity and homogeneity. Moreover,
the number of atoms of a cluster mainly drives overall collective behavior. For instance, the
ionization potential of an atom and the work function of a solid composed of the same atom are
different [1]. Starting from these considerations, many applications need large-scale synthesis

methods of nanoparticles and, in particular, of magnetic nanoparticles [9].

Growth of Co nanoparticles is interesting due to their potential applications in various fields, e.g.,
rechargeable batteries, [10,11] Co based sensors, [12] materials for abatement catalyst of Co [13],
etc. Another relevant application of Co nanoparticles is in turbine engine magnetic bearing due to
their high saturation magnetization, low coercivity, high Curie temperature and high permeability
[14]. However, Co nanoparticles easily oxidize in the presence of oxygen, and the amount of oxide
affects their magnetic properties. Two main phases of CoO exists: the face centered cubic (fcc)
rocksalt phase with the space group Fm3m, the more stable, in which Co?" is octahedrally
coordinated and the hexagonal closed packed (hcp) wurtzite phase, P6;mc, in which Co?" is
tetrahedrally coordinated [15]. The production of pure CoO nanoparticles is a complex procedure
because of the concurrent synthesis of CosO4 and other metallic phases [16]. Metal nanoparticles
always exhibit a higher saturation magnetization compared to oxide nanoparticles [17]. This
property represents a great advantage for biomedical applications like hyperthermia [18].

However, in some synthesis procedures, a few nm thick oxide layer, which behaves as a



passivation layer preventing further oxidation, has been observed at the surface of metallic

nanoparticles [19].

At present, synthesis of large amounts of metal oxide and nitride nanoparticles is possible using
the high temperature thermal arc plasma process. In the thermal plasma, the available high enthalpy
accelerates the reaction kinetics and a subsequent rapid quenching occurs due to the sharp
temperature gradient. This mechanism can be tuned to synthesize the desired nanoparticle phases.
Several reports are available in literature for the synthesis of aluminum oxide, titanium oxide, iron
oxide, aluminum nitride and other nano-materials [20-25]. The main advantage of this method is
that it doesn’t require a post synthesis process to control and improve the crystalline phase of
nanoparticles. We have used in the past the thermal plasma method to synthesize Co nanoparticles
and discussed the formation of CoO with formation enthalpy of ~ —237.9 kJ/mol and of C0304
with formation enthalpy of ~ —891.0 kJ/mol, [14] controlling the heat generated by the plasma

inside the synthesis chamber.

In this manuscript we report the synthesis of cobalt oxide nanoparticles in air and in helium
atmosphere. In particular, we present the synthesis of mixed phases of CoO (cobaltous oxide),
metallic Co and Co304 (cobaltic oxide) and discuss the impact of the different atmospheres on the
reaction Kinetics. The synthesis process starts from the vaporization of the target material and the
subsequent condensation, which leads to highly ordered nanoparticles phases, induced by the sharp
temperature gradient. We have in particular investigated the role of the arc current and of the
different gas (air and He) to shape, size, local structure and stoichiometry of the synthesized
nanoparticles with the aim to optimize the synthesis parameters for a large-scale production.
Results have been obtained combining Transmission Electron Microscopy (TEM) for the
morphological study, X-ray diffraction (XRD) for the structural study and X-ray absorption
spectroscopy (XAS) for the local structure investigation while vibrating sample magnetometry
(VSM) has been used for the characterization of the magnetic properties. Finally, XAS
spectroscopy and simulations at the Co K edge has been performed to demonstrate that at higher
arc current and in helium environment, the synthesis of the metallic Co nanophase is particularly

effective.



2. Experimental:

Cobalt oxide (CoO) nano-powder has been synthesized using the direct current (DC) thermal arc
plasma method where graphite was used as cathode and commercial micron size cobalt powders
(Sigma Aldrich product no 266647) as anode. An IGBT based 300 V - 15 A DC power supply was
used for plasma generation. During arcing the electrodes were separated by a distance of 5 to 10
mm in a vacuum chamber which was evacuated to ~102 mbar and then filled with different
ambient gas. The nanoparticles were synthesized at three different arc currents: 50 A, 100 A and
150 A both in air (samples named as Air50, Airl00 and Airl50) and in He (samples named as
He50, He100 and Hel50) atmosphere. Therefore, six different nano-powder samples synthesized
under the same operating conditions have been investigated. DC voltage, applied between the
electrodes, was varied from 25 V to 50 V by adjusting the distance between electrodes. The high
temperature of the arc plasma led to melting of the anode material (cobalt). As the ionized Co
plasma radially moves away from the plasma column, the temperature falls sharply due to a high
cooling rate of ~10° K/s near the anode surface. This allows also the formation of neutral Co atom
clusters. Inside the chamber, the process lasts until thermal non-equilibrium conditions remain,
and the nanoparticles generated from the process move towards the chamber walls and get settled
there. After cooling, powders are removed from the walls of the chamber for the experimental

characterizations [14].

Powder X-ray diffraction for the phase identification of ordered phases had been performed with
the X-ray diffractometer Bruker AXS D8 using Cu-K, radiation and a Ni filter. 20 patterns were
recorded in the range 10° to 90° with step size of 0.05°. XAS experiments for the local structure
analysis such as X-Ray Absorption Near Edge Structures (XANES) and Extended X-ray
absorption fine structure (EXAFS) were carried out in transmission mode at the LISA beamline of
the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). At LISA the Si(311)
monochromator was used with the higher order harmonics filtered out by both a crystal detuning
and using Si mirrors [26] . A standard transmission x-ray absorption setup was used to record
spectra on the samples and references. For the measurements of the powder samples a suspended
solution was prepared. Ultra-sonicated powders were subsequently deposited on a cellulose
membrane [27]. All spectra were collected at room temperature and repeated three to four times

with a Co metal reference foil acquired simultaneously to cross check the reproducibility of the



spectra and to calibrate the energy. Transmission Electron Microscopy (TEM) measurements were
performed using FEI Tecnai G2 300 kV for morphological studies. For these experiments,
nanoparticles were dispersed onto a 400 mesh carbon film coated Cu grid. For magnetic
measurements the Lakeshore 7404 vibrating sample magnetometer (VSM) was utilized to collect

the magnetization hysteresis loops of all powder samples.

3. Results and discussions:

3.1 Crystal structure studies:

Figure 1 (a) and 2 (a) compare XRD powder diffractograms of three samples synthesized in air:
Air50, Airl00, Airl50 and of the other three synthesized in He atmosphere: He50, He100, He150.
For those synthesized in air, diffraction peaks mainly correspond to the cubic CoO (cobaltous
oxide) phase (JCPDS PDF-71-1178). However, a weak peak at 44.7° points to a contribution of
cubic metallic Co (111) (JCPDS PDF-15-0806). For sake of clarity, we have stack-plotted the
XRD patterns in Figure SF-1 (Electronic Supplementary Information) file for all Co species
formed in our synthesis process. The most intense peak in the XRD pattern for the cubic Co phase
appears at 44.3°. So, the presence of this weak feature at 44.7° is consistent with a small amount
of the metallic Co phase. Looking at the reference XRD patterns, the most intense (311) peak of
the Co0304 (cobaltic oxide) (JCPDS PDF-76-1802) and the (111) of the CoO have 26 positions
very close to each other, i.e., at 36.5° and 36.6°, respectively. These contributions cannot be
resolved and we observe only one intense and broad peak at ~36.5° in all XRD patterns of these
samples. However, other reflections, i.e., (200), (220), (311), (222) are detectable at 42.5°, 61.7°,
73.8°, 77.7°, pointing to the formation of the cubic CoO phase while the (220), (511), (440) peaks
at 31.4°, 59.4°, 65.4° belong to the Coz04 phase. Moreover, in the magnified panel in Figure 1(b),
another peak appears in the pattern collected under air atmosphere. The feature at 36.9° is lacking
or too weak to be detectable in the XRD patterns (Figure 2(b)) of samples synthesized in He
ambient and is assigned to the cobalt nitride phase [28]. Indeed, the amount of nitrogen present at

the base vacuum of 102 mbar is sufficient to form cobalt nitride.

For samples synthesized in helium, XRD patterns (Fig. 2) show the presence of CoO and of a
strong cubic metallic Co phase, which increases concurrently with arc current value. At 150 A the
most intense Co peak (111) is detected at 44.2° while two other peaks: (200) and (220) at 51.5°
and 76°, also appear. The presence of Cosz0a is negligible in XRD patterns collected in helium.



Since the incident flux at the Cu K, of the laboratory source is limited, it is probably not sufficient
to resolve any weak phase. However, the magnified pattern in the 20 range 34.8°-38.4° in Figure
2(b) does not show additional features ruling out the formation of the cobalt nitride phase. On the
contrary, as discussed later, X-ray absorption spectroscopy, probing the local structure of ordered
and not ordered phases, is able to detect signatures of many weak phases.

The average crystallite size for all XRD patterns has been calculated using the (200) reflection of
the CoO phase. It increases with the arc current for both air and He ambient. However, the increase
is more pronounced in air (from ~35 nm to ~40 nm) than in helium. The values of the crystallite

size are listed in Table ST-1 (Electronic Supplementary Information).

We also observed a peak shift towards higher 26 value i.e., ~0.1° for Air150 sample as compared
to Air50 sample. Although small, the shift provides a direct evidence of a compressive strain
generated by the thermal stress associated to the sharp temperature gradient in the samples [29].
The shift is not observed in the samples synthesized in He atmosphere. Indeed, at a given pressure,
the mean free path is higher in the He atmosphere compared to air and, as a consequence, the
collision cross section for producing the avalanche breakdown is lower. This mechanism leads to
a reduced thermal stress in the He atmosphere. A higher quenching rate in He might lead also to
the reduced evaporation rate from the plasma plume [30]. Consequently, because the particle-

particle interaction is higher in air, evaporation rate and stress are both higher [31].

During the synthesis, a large number of Co atoms leave the molten plasma zone, further nucleate
forming Co clusters with other oxides. Compared to air, the partial pressure and the availability of
oxygen atoms are lower in the He atmosphere. At higher arc currents, this results in the formation
of metallic Co species. Since the formation enthalpy of solid metallic Co is higher than CoO (-
7.04 kJ/g) and Co304 (-26.84 kJ/g), its formation occurs with the highest probability at high values
of the arc current (calculations for the reaction enthalpy of CoO and Co304 are given in Electronic
Supplementary Information). The highest amount of the CozO4 phase is expected at 150 A for both
He and air ambience due to the higher plasma enthalpy. However, as the temperature increases, it
affects significantly the morphology, the local order and the stoichiometry of the synthesized

products.



3.2 The local structure studies:

The Co K-edge x-ray absorption near edge structure (XANES) for Air and He series samples for
different arc currents (50, 100, 150 A) are compared in Figure 3(a) and 3(b) respectively. The inset
in Figure 3(a) shows a magnified view of the pre-edge features of the Air series. Likewise, the
inset in Figure 3(b) shows the comparison of the pre- edge features of the He series. The Co K
edge spectrum can be described by a transition from the 1s to empty states to dipole allowed local
partial empty density of states of p symmetry over the Fermi energy [32]. Differences in the spectra
can be associated to changes in the empty local density of states in the continuum, i.e., triggered
by differences in the local geometrical structures. In the XANES spectra of Co powders we mainly
recognize three features: A, B and C for the Air series samples, and increasing the arc current we
do not observe any significant change nor shifts of pre and post edge features. In the lower panel
of Figure 3(a) the differences among spectra are plotted for Airl00 and Airl50 with respect to
Air50. The difference spectra point out a small intensity enhancement of the B feature for both
Air100 and Air150 samples. The results indicate that the Co phases are hardly affected by the non-
equilibrium thermal synthesis process. On the other hand, XANES spectra collected in the He
atmosphere show significant changes in the B feature as well as in its position. The change in the
intensity is outlined in the difference spectra in the lower panel and regards both B and C features
and the absorption edge. The shift of the spectral weight towards higher energy can be associated
to the presence of different Co species whose relative amounts changes with the arc current [14].

Apart from the features B and C, the pre-edge described by 1s—3d quadrupole and 1s—4p dipole
transitions [14] occurs at 7710.5 eV. The latter being due to structural distortions around the metal
in the octahedral site [33]. We will come back to discuss this in the next section. The pre-edge
feature in the XANES of the Air series does not show any change with the arc current, neither in
position nor in intensity (Fig. 3a). At variance, a significant change with the arc current occurs in

the samples of the He series (Fig. 3b).

Figure 4 (a) and 4(b) show the k® - weighted EXAFS oscillations extracted from the absorption
spectra measured on the samples of the Air and He series. Differences in the EXAFS oscillations
of Air and He series can be recognized. While minor changes are observed on the EXAFS
oscillations of the Air series with the arc current, spectra of the He series show a large effect. This

is consistent with XANES spectra pointing out large variations in the local geometry including



Co-0 and Co-Co bond lengths for the He series. Likewise, there is no significant difference in the
Fourier Transform (FT) of the corresponding EXAFS signals of the Air series samples, while for
the He series a large variation with the arc current is evident, as shown in Fig. 5(a) and 5(b),
respectively. The FT performed in the k range 3.4-14 A using a Gaussian window provides real
space information describing the atomic distribution around the Co atoms. The peak observed
between 1-2 A reflects the Co coordination with the nearest O atoms of the first shell (Co-O),
whereas several shells are resolved above 2 A, associated to the Co-Co and Co-O scattering
processes [14]. A significant evolution in the FTs for the He series and a splitting of the second

coordination shell can be recognized Fig. 5(b).

The EXAFS oscillations were modeled using the EXCURVE 9.275 code with calculated
backscattering amplitude and phase shifts [34]. A six shells model was used where the near-
neighbor distances (R;) and the related Debye-Waller factors were the fit parameters. For each DC
current the coordination numbers (Ni) were kept fixed after fit trials in order to obtain the
percentages of the different cobalt phases. The amplitude reduction factor (Se> = 0.8 and 0.9 for
oxygen and cobalt atoms, respectively) and the photoelectron energy zero (Eo=-3.839 eV in air,
Eo=-3.278 eV in He) were kept fixed for the refinements. The starting parameters obtained from
the XRD analysis were the input parameters for the six shells model. We considered the Co-O
(Reo-0 = 1.93 A) and the Co-Co contributions (Rco-co = 3.01 A) for the CoO phase, the Co-Co
contribution (Rco-co= 2.49 A) for the metallic Co phase, the Co-O bond distance Rco-0=2.14 A)
and two Co-Co contributions Reo-co = 2.87 A, Reo-co= 3.37 A) for the Cos04 phase. The number
of independent data points for the least square fit was 2AKAR/z ~20 for Ak-range and AR-range
being 10.6 A and 3 A, respectively. Figures 5(a) and 5(b) display the best fit for the amplitude of
¥(R), i.e., the FT of the k® - weighted y(k) spectra of the Air and He series.

The EXAFS fit of the Air50 returns a mixture containing CoO (~61.3%), C0304 (~35%) and a
small amount of metallic Co (~3.7%). Considering the XRD patterns, we have performed this fit
only considering the cubic phases of all aforementioned Co species. The XRD pattern of the Air50
shows a small CosO4 phase that increases with the arc current reaching a maximum ~50%, whereas
the metallic Co phase fraction increases to ~7% for the Airl50 sample. Actually, from the FT in
Figure 5(a), the change in the atomic distribution around the Co atom as a function of DC current

is negligible. Unlike the Air series, as shown in Fig. 5(b) the FT of He series shows a substantial



change with the arc current. The evolution can be attributed to the different phases present in these
samples. For the He50 sample, looking at the sharp peak at ~36.5° in the XRD pattern, we can
identify a single phase (CoO). At higher currents the intensity of the peak at ~36.5° containing
both the contributions of the (311) peak of the Co304 phase and the (111) peak of the CoO phase
decreases. Indeed, from the fits shown in Figure 5 (a,b) the best fit is obtained when the partial
phase fraction of the Co3O4 remains more or less constant, whereas the percentages of the CoO
phase decreases at the cost of metallic Co phase. The best quality of the fit for this batch of
nanoparticles is obtained including also the Co-Co shell contribution at Rco-co= 3.52 A for the
Co0304 phase. The highest metallic Co phase fraction obtained by the EXAFS analysis is 30% for
the Hel50 sample, in qualitative agreement with XRD results. In Table ST2 the simulated local

structure parameters are summarized for Air and He series samples.

Actually, at higher arc currents, as one moves away from the plasma plume towards the walls of
the chamber, the temperature gradient is steeper. As a consequence, a substantial amount of metal
vapor is produced at a faster rate near the molten metal mixture (the anode) and, in the He
environment it does not encounter sufficient oxygen atoms to oxidize. Accordingly, a further
nucleation takes place due to the high initial speed of the evaporation process. This might be the
reason of the enhancement of the metallic Co phase while increasing the arc current in He.
Incidentally, the XRD pattern for the He100 sample reveals a small presence of the metal Co phase.
We can explain this behavior as due to the presence of oxygen vacancies at this arc current value,
as already confirmed from the EDAX analysis [35]. At 50 A arc current, the flux density of the
outgoing atoms is lower compared to the 100 A arc current with the oxidation of all metallic Co
atoms in the 50 A sample. However, for larger atomic fluxes, e.g., for 100 A, all Co atoms are not
oxidized with the proper stoichiometric ratio for monoxide and trioxide phase. This explains the
presence of oxygen vacancies in the He100 sample. However, at 150 A, due to increased plasma
enthalpy the area for the homogenous nucleation surrounding the plume zone increases and
monoxide and trioxide phases are formed without oxygen vacancies. This result will be discussed
later in the context of the anomalous magnetic behavior of the coercivity values of these samples.

3.3 Morphological analysis:

Figure 6(a-c) and 10(a-c) show TEM micrographs of all samples studied in this work. Magnified

images of the samples synthesized in air and He atmosphere are shown in Figure 7(a-c) and 11(a-



c), respectively. In a previous investigation we have used HRTEM images of the same series [14]
to calculate the particle size distributions. Actually, due to the availability of a higher formation
enthalpy, increasing the arc current also increases the mean particle size as growth of the particles
continues after nucleation. However, since the ambient temperature is much lower than the

temperature of the plasma plume, diffusion reaction cannot take place [36,37].

The mean particle dimensions were calculated from the histogram after a Gaussian distribution fit.
Figure 8(a-c) and 12(a-c) shows the particle size distributions for Air50, Air100, Air150 and He50,
Hel100, Hel50 samples, respectively. When compared to air, due to the higher quenching rate, the
increase in the mean particle size is lower in the He atmosphere [30,38]. The size distribution and
the mean size of particles were calculated using the ImageJ software considering ~300 particles.
Data are presented in Table ST3 with the corresponding standard deviation values. The particle

size of spherical and polygonal objects varies from ~10 nm to ~130 nm for all distributions.

The unit cell volume of the cubic CoO, CosO4 and metallic Co are 76.22 A3, 541.44 A3 and 44.52
A3, respectively. From the EXAFS analysis, we point out the increase of the CoszOa vs. the arc
current. In air, the enhancement of the Coz04 phase fraction takes place at the cost of the CoO
phase with an increase in the mean particle diameter and with a broader size distribution. However,
the particle size increase is lower in the helium atmosphere since a significant amount of the

metallic Co phase, characterized by a smaller unit cell volume, is present.

The enhanced contribution of the metallic Co phase at higher arc currents, with a more ordered
structure respect to the CoO and Co304 phases seems to reduce the structural disorder. Increasing
the arc current in He atmosphere may reduce the asymmetry of the nanoparticle shape. In fact, a
large number of symmetric nanoparticles is present in the images of the samples synthesized in
He. Another important parameter which influences the nanoparticles morphology is the thermal
conductivity of the ambient. At room temperature, thermal conductivity is 0.026 Watt/m-K and
0.15 Watt/m-K in air and He, respectively and both increase with temperature. Therefore, while in
air the sharp temperature gradient does not give time for the symmetric growth of nanoparticles;
however, in He atmosphere, due to the higher thermal conductivity of He, nanoparticles grow more
symmetrically. This behavior is confirmed from the magnified TEM micrographs in Figure 7

showing that nanoparticles synthesized in air have mainly square or rectangular shapes and few



spherical particles, while nanoparticles synthesized in helium (Figure 11) are mostly spherical with

few distorted hexagonal contributions.

The presence of both XRD patterns and atomic planes in TEM images confirm the crystalline
nature of these nanoparticles. The atomic planes observed in Figure 9(a-c) for the Air series
samples and the corresponding inter-planar spacing have been calculated using the Gatan Digital
Micrograph software from the inverse Fast Fourier transformation (FFT) of the intensity line
profile (not shown in the manuscript). The same lattice fringes are shown for the He series in
Figure 13(a-c). All values given in the figures are consistent with the reflections of the XRD
patterns. For example, for Airl50 and Hel00 sample, the d spacings are 0.24 nm and 0.20 nm,
respectively, which are the d spacing values of the (111) reflection of the CoO and the (111)
reflection of the metallic Co, respectively. This correlation directly confirms the presence of both
CoO and metallic Co phases. The values of the d spacing calculated from the reference XRD
patterns are listed in Table ST4 (Electronic Supplementary Information), where the corresponding
planes are also highlighted. For the He150 sample, the calculated d spacing is 0.19 nm, which
corresponds to the (331) reflection of the Co3O4 phase. However, this reflection is masked in the
XRD pattern by the intense metallic Co (111) contribution. Due to closer inter-planar spacing,

sometime it is indeed difficult to recognize the occurrence of different phases.

In Figure 11(c) the TEM image of the He150 sample shows an oxide layer around the spherical
nanoparticles, not present in other samples. As the amount of the metallic Co is the highest in this
sample, we hypothesize that this oxide layer of ~2 nm thick is mainly due to cobalt oxide. In a
base vacuum of 102 mbar pressure, the dissociative oxygen absorption starts to take place with an
electronic exchange among Co?* and oxygen atoms. As a consequence, due to the electronic
exchange a Co?" cation vacancy generation takes place simultaneously with the availability of Co®*

cations.
3.4 Magnetic properties study:

Figure 14(a) and 14(b) show the magnetization curves for the samples synthesized in Air and He
atmosphere for all arc currents. The values in Table 1 for the saturation magnetization (Ms) and
the magnetic coercivity (Hc) were calculated from M vs. H loops for all samples. In the insets, are
shown the magnified views of the magnetic coercivity. From experimental values it can be

observed that nanoparticles synthesized in helium exhibit better magnetic properties. In both gases



M;s (emu/g) increases with the arc current and Hc (Oe) reduces, except for the case of the He100
sample. Indeed all samples but He100 show an increment of the saturation magnetization in both
atmospheres. This might be explained and correlated with the cationic distribution, the presence
of dead layer or non-magnetic surface layers [39]. In addition to the ambient gas, magnetic
properties are affected by particle dimensions [40]. Usually, larger and coarser nanoparticles
exhibit a higher Ms compared to finer ones, a result valid in the present scenario [39]. The reduced
value of Ms for smaller nanoparticles is due to the large surface area (for a given volume) and to
surface molecules contributing to the magnetization. Indeed, both the presence of a non-magnetic
surface layer or spin canting effects within the outer layer [34] may reduce Ms. Neglecting the
presence of non-magnetic surface layers because they are not observed in our samples except in
the Hel50 sample, the spin canting effect might be the source of the small Ms value associated
with the smallest particles [41]. However, this effect is mainly a low temperature phenomenon and
cannot explain the reduced Ms value at lower arc current as pointed by Nawale et al., while a high
crystallinity is consistent with a high Ms[9]. At low arc current, due to reduced number of magnetic
domains present in the smallest particles, a smaller magnetic field is required to align all existing
domains while for large particles, the presence of a multi-domain structure requires a much higher
magnetic field to reach the saturation level. This mechanism may lead to an increased Msvalue vs.

the arc current and to a high crystallinity.

Magnetic properties also depend on stresses in the system. Due to the thermal stress inside the
lattice, the particle-particle interaction reduces Hc [42]. XRD patterns of the Air series samples
points out the presence of strains, which from the hysteresis curves are compatible with a reduced
Hc value. Indeed, Koushika et al. showed that particle distribution following a particular trend or
aligned in a particular direction results in a lower Hc [42]. Our HRTEM images don’t show any
particular alignment of nanoparticles. However, increasing the arc current, the average particle
size increases and Hc reduces. As a consequence, we hypothesize the existence of multi-domains

as the result of a dipole-dipole interaction [43].

The multi-domains formation not only reduces the coercive force, but also decreases the magnetic
energy [44]. From XRD patterns, we observe that the He100_sample contains a small amount of
metallic Co species and probably a high number of oxygen vacancies. The presence of the latter
would relatively increase the stoichiometric proportion of Co, which also supports the increased



Hc value [35]. The increment in the coercive value can be justified by the presence of this metallic
Co phase. A reduction in Hc is observed for the He150 sample, but its metallic Co phase fraction
increases to 21.4%. Such kind of shell structure always affects the magnetic properties. In this
case, the presence of a thick CoO surface layer around the nanoparticle showed in the HRTEM
image of this sample in Figure 11(c) is probably at the origin of the reduction of the coercive field.
In air, Hc decreases consistently while increasing the arc current and no core shell type structure is

detected as demonstrated by the HRTEM images of these samples [45].

During the synthesis process, when metal atoms come closer and starts to form clusters, the
discrete atomic localized orbitals of any individual atom starts to delocalize and changes in the
energy band structure may occur [46]. Therefore, increasing the arc current, the interplay between
emerging higher ordering and delocalization of Co 3d orbitals will affect the magnetic properties
of the nanoparticles. It is reported that for Co3zO4 spinel structure, any distortion in the Co
environment might change charge and spin state of the Co%*, a mechanism which subsequently
affects the overlap between O% and Co®' orbitals [47]. Finally, the changes in the orbital
hybridization actually modulate the internal local magnetic fields of the CozO4. Since this phase is
present in all samples, both He and Ms would be affected. We have also to consider the presence
of the antiferromagnetic exchange interaction in the CosOs structure among Co®" and Co?" ions
located at octahedral and tetrahedral sites, respectively, which is also tuned by the synthesis
conditions [4]. Summarizing, the amount of the CosO4 phase will certainly tune the magnetic
properties of these nanoparticles, but an exhaustive quantitative discussion is beyond the scope of

this contribution and requires further experimental synthesis and analysis.
Conclusion:

The thermal DC arc plasma has been used to synthesize cobalt oxide nanoparticles. This research
shows that the gas used for the synthesis has a great impact on the formation of nanoparticle
species, in particular to control the formation of multicomponent species. In particular,
nanoparticles synthesized under a He ambient are less ordered and crystalline, but exhibit well
defined magnetic properties. The presence of a higher amount of metallic cobalt together with
other cobalt (11,111) oxide species is typical of the synthesis in helium. The presence of metallic Co
is evident by the XRD patterns and is confirmed by the EXAFS analysis. However, it is not

straightforward to quantify the phase fraction of any individual Co species and their actual particle



size distribution. For both He and air environments, ordered and crystalline fractions increase with
the arc current because the higher enthalpy induces both a multiple nucleation and growth
processes. However, compared to air, the growth is lower in He due to its higher quenching rate.
Increasing the arc current, due to the high atomic flux, the particle-particle interaction and the
growth of non-magnetic surface oxide layers, the hysteresis loop appears not correlated in helium,
in particular at the higher value of the arc current. Moreover, the magnetic coercivity of the NPs

is lower in air.

All results are consistent and in good agreement with the available researches published on cobalt
nanoparticles. The experimental synthesis scenario described in this manuscript represents an
advanced starting point to identify and select the parameters required for large-scale production of
nanoparticles with well-defined magnetic properties as required by particular technological

applications. [11]
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Figure 8: Particle size distribution for (a) Air50 (b) Air100 and (c) Airl50 samples

Figure 9: High resolution TEM images showing the atomic planes for (a) Air50 (b) Air100 (c)
Airl50 samples

Figure 10: TEM micrographs of (a) He50 (b) He100 and (c) He150 samples
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Figure 13: (a, b, ¢) show the atomic planes for He50, He100 and He150 samples
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