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ARTICLE INFO ABSTRACT

Keywords: Magnetic nanoparticles were obtained using the nanosecond pulsed laser ablation (Nd:YAG laser, 1064 nm, 7 ns)
Pulsed laser ablation in air of an iron target in air at atmospheric pressure. The particles obtained were further annealed at four different
Iron oxide temperatures. The composition, structure and properties of all obtained powders were investigated using X-ray
Nanostructures

diffraction (XRD), DSC, attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR), Raman
spectroscopy, TEM, SAED and other techniques. The initial sample was found to contain monoclinic magnetite
and iron nitrides. Presumably, magnetite presents in the form of spherical particles with the distribution max-
imum of 12-15nm, and nitrides take the form of lamellas and rolls. Thermal treatment of the sample led to
particle enlargement and phase transformations, first, to cubic magnetite, then to a Fe304, a-Fe,O3 and y-Fe,O3
mixture, and finally to the pure hematite phase. Zeta-potential, BET surface area and magnetic properties
changed with the annealing as well. The obtained materials exhibited different properties that make them in
demand in different fields, from biomedicine to technology.

Magnetic properties
Thermal transformation

1. Introduction

Pulsed laser ablation (PLA) is a suitable method for obtaining of the
“pure nanoparticles” of various materials without use or with a minimal
amount of chemical precursors [1]. Currently, the most widespread
method of PLA is performed in a liquid, which allows nanoparticles
(NPs) to be obtained straightly in the form of colloids [2]. The greatest
progress in understanding the ablation mechanisms has been achieved
in the PLA of noble metal NPs [3,4] and in the synthesis of a number of
oxides obtained by the PLA of targets made of reactive materials [5,6].
However, the production of composite nanomaterials and NPs in the
form of powders is often required for many applications. For example, it
is required for catalysis [7] or for subsequent modification of the par-
ticles; for their additional treatment or for re-dispersion in other liquids
with special properties. In this case, using PLA in liquids makes the
powder-obtaining process quite complicated. It requires the additional
stages of concentrating and drying the dispersions, which not only
complicates the production procedure but can affect the composition
and structure of the particles produced. An ablation in gaseous media
[8] can be an alternative to PLA in liquid in some cases. It is especially
attractive, for example, for the obtainment of oxide NPs. Moreover, the
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changing of the gas mixture’s composition and its pressure makes it
possible to control the oxidation processes quite efficiently [9]. Addi-
tional advantages and improved ablation efficiency can also be
achieved at the PLA of magnetic materials using permanent magnets to
accelerate the process of depositing the aerosol of magnetic particles
onto the reactor walls.

Among the most interesting and promising magnetic NPs, iron
oxides have been attracting the attention of scientists and engineers for
decades. Magnetite, maghemite, hematite and other compounds of the
Fe-O system in the nano state exhibit unique magnetic properties, al-
lowing them to be used in such field as biomedicine (drug delivery [10],
hyperthermia [11], etc.), energy storage and absorption of radiation
[12], SERS analysis [13], agricultural applications [14], etc. Our re-
search group has already obtained pure magnetite NPs via PLA in water
[15]. The aim of this work was to obtain and characterize ultra-dis-
persed nanopowders using a nanosecond PLA of an iron target in air
and studying the effect of the subsequent heat treatment on their
composition, structure and functional (including magnetic) properties.
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2. Experimental
2.1. Synthesis of the materials

NPs were obtained using the focused radiation of an Nd:YAG laser
LS-2131M-20 (LOTIS TII, Belarus). The PLA was carried out at the
wavelength of 1064 nm. The pulse duration was 7 ns and the repetition
frequency was maintained at 20 Hz. In this work, the total energy of the
laser pulse from the nanosecond laser (150 mJ) was used. Changing the
focusing allows one to change the pulse density of the radiation power
(energy) on the target surface. In this case, a power density of 400 MW/
cm? was chosen. This power density was optimal for the maximum
yield under these experimental conditions (atmosphere, reactor size,
total energy and the pulse duration).

An iron target (99.5%) of 40 x 40 X 5mm was fixed in a lid on the
back end of a cylindrical quartz glass reactor. The reactor was 200 mm
in length, its internal diameter was 60 mm and the volume was
~565 cm?. The front end of the reactor was closed with a polyethylene
membrane, which was transparent for radiation. The laser beam was
focused on the target surface by a long-focus (F = 500 mm) collecting
lens. The initial radiation power density on the target surface was
400 MW/cm?, as it was mentioned above. For the purpose of uniform
irradiation of the target surface, it was automatically moved in the X-Y
plane orthogonal to the laser beam.

The gas-plasma cloud formed as a result of ablation of the target and
interacted with the air molecules. The NPs obtained settled on the re-
actor walls, forming a layer of a brown powder. To accelerate the NP
deposition process and reduce the interaction of the laser beam with the
NPs in the air, a belt of magnets was fixed around on the outside wall of
the reactor. The ablation took 5h. The powder was then mechanically
removed from the walls. The average yield of NPs at the experiment
parameters described was ~15mg/h. The synthesis procedure was
repeated several times to obtain a sufficient amount of the powder for
the study. The same target and the radiation power density were used
for the repeated experiments. The atmosphere was renewed naturally
during the powder extraction from the reactor in the pauses of the PLA
process.

The obtained sample was annealed in a muffle furnace SNOL 6.7/
1300 (Lithuania) in the temperature range of 200-500 °C. The heating
rate was 10 °C/min, and the holding time at a given temperature was
4 h. Next, the initial sample was marked as Fe_init. The Fe_T was used to
mark the samples after annealing, where T is the annealing tempera-
ture. The Fe_Ar O, designation was used for the sample obtained by PLA
in an argon medium supplemented with 20% oxygen (partial pressure).

2.2. Characterization of the materials

XRD patterns were obtained using XRD 6000 (Shimadzu, Japan).
Phase composition was established using Powder Cell 2.4 (Germany)
and PDF-4 database. ATR-FTIR spectra were obtained on the TENZOR
27 (Bruker, Germany) spectrometer. Raman spectra were recorded on a
Raman microscope InVia (Renishaw, UK) at an excitation by a semi-
conductor laser with the maximal power of 100 mW, a wavelength of
785nm and 50 X objective. So as not to damage the samples with ra-
diation, the spectra were recorded at the low power (0.5%), and the
power density at the sample surface was 1.25 kW/cm?>.

Differential scanning calorimetry (DSC) and thermal gravimetric
analysis (TGA) data were obtained using DSC 204 F1 Phoenix (Netzsch,
Germany). A total of 4.1 mg of a sample was placed into the Al closed
pan and heated from room temperature up to 600 °C with the rate of
10 °C/min. The sample was compacted in air, and the measurements
were carried out in Ar flow (50 and 100 ml/min) without preliminary
degassing. The air thus presented in the system.

The microstructure of the materials obtained was studied using
transmission electron microscopy (TEM) on a Hitachi TEM System
(Hitachi, Japan) on carbon-coated copper grids at 110kV. Energy-
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dispersive X-ray analysis (EDX) was carried out at the system with
electron and focused ion beams Quanta 200 3D (FEI Company, USA).
The BET surface area of the powders was measured on a gas-adsorption
analyzer of a specific surface and porosity TriStar II 3020
(Micromeritics, USA). Before analysis, the powder samples of the ma-
terial were degassed in a vacuum (1072 Torr) at 200 °C for 2 h. The zeta
potential of the samples was measured on Omni S/N (Brookhaven,
USA) in ZetaPALS mode with a BI-ZTU autotitrator (Brookhaven, USA)
to change the pH; the previously described method was used [16]. The
pH was adjusted using diluted solutions of KOH and HNO3 (10" to 10°
3 M). The solution of 10> M KNOs was used as a background electrolyte
to maintain the ionic concentration. An average value from three
measurements was used.

The magnetic properties of the materials were studied at room
temperature using a vibrating sample magnetometer in a magnetic field
of up to = 20 kOe. Mechanical vibrations of the sample were provided
by a vibrator of the original design [17]. The oscillation amplitude
relative instability was 10~ with a frequency of 107°. The system of
four pickup coils was used for to register the signal. The dynamic range
of the device was 5 X 10°-100 emu. For the magnetic measurements,
the investigated samples were ground with KBr powder and pressed
into the tablets.

3. Results and discussion
3.1. XRD study of the materials

XRD of the samples obtained by PLA in air and with subsequent
thermal treatment, along with the sample ablated in Ar/O, mixture, are
presented in Fig. 1. Three first patterns from the bottom are quite alike.
They did not exhibit hematite peaks, but it is almost impossible to
distinguish whether maghemite or magnetite is present in these three
samples. Starting with the Fe_300 sample, hematite peaks appeared,
and Fe_500 only contained this iron oxide phase. It is assumed that the
Fe_300 and Fe_400 samples contained a mixture of all three phases. To
establish the precise phase composition of the samples, other methods
were applied.

3.2. DSC study of the materials

DSC data for the samples are presented in Fig. 2. Water loss was
observed before 100 °C (the first endothermic peak). The Fe_500 sample

------ Hematite

-------- Magnetite ------Maghemite

Fe_500

Fe_400

Fe_300
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Fig. 1. X-ray diffraction patterns of the samples. Red for magnetite (PDF
Card#04-015-3100); blue for maghemite (PDF Card#00-039-1346); green for
hematite (PDF Card#01-089-0598). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 2. DSC data for the samples.

did not demonstrate other thermal transformations. This is possible in
case it consisted of the phase that was stable in these circumstances:
hematite.

According to the literature, the exothermic process at 460 °C (for
Fe_200 and Fe_300) is y — a conversion of Fe;O3 [18,19,15]. For the
initial material, this peak was shifted to higher temperatures. For the
Fe_400 sample, a small exothermic peak in the range of 420-560 °C can
be distinguished at the enlarged scale. Taking into account the fact that
the phase transition occurs over a wide temperature range (unlike
melting, for example), it was concluded that the maghemite to hematite
transition occurs but the amount of the phase being transited is low.

At 200-270 °C the transition magnetite — maghemite usually takes
place. The exothermic peak in this region was observed for Fe_300 only.
Also, this peak seemed to be shifted to 180 °C for the Fe_200 sample. So,
it can be concluded that both these samples contained magnetite.

The Fe_init. sample showed much more complicated thermal be-
havior. Two endothermic processes (at ~110 and ~ 220 °C) cannot be
explained by transitions in the Fe-O system. It was proposed, that the
sample obtained by PLA in air contained nitrogen in any possible form
(nitride, nitrite, etc.). Since the laser ablation is a high-energy intensive
nonequilibrium process, nitrogen from air can be ionized and then can
interact with iron and oxygen. So, these two peaks may belong to
transformations of N-containing iron compounds (see, for example, DSC
and DTA data for iron nitrides in [20]). Since the annealed samples did
not exhibit these transformations, it was concluded that nitrogen leaves
the sample at the heating. This is also proved by the TGA data (Fig. S1
in the Supplementary material) that exhibited the mass loss (up to 20%)
of the sample during the temperature rising up to 250 °C.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.08.116.

Thus, DSC data indicated that the samples treated at 500 °C and
higher temperatures may be represented by the hematite phase. The
sample heated up to 400 °C showed the low-intense y — a conversion of
Fe,05 only. The Fe_200 and Fe_300 samples contained magnetite that
transformed to maghemite and hematite under heating. The powder
obtained by PLA in air without thermal treatment presumably con-
tained nitrogen-iron compounds, formed from air nitrogen under laser
radiation.

3.3. Spectroscopic study of the materials

Fig. 3 shows the ATR-FTIR spectrum in the range of 400-4000 cm !

228
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Fig. 3. ATR-FTIR spectra of the samples.
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and Inset shows the range of 400-750cm~!. The broad band at
3400-3500 cm™ belonging to H—OH stretching [21] decreases with the
increasing temperature of the samples’ treatment. The samples Fe_init.
and Fe_200 exhibited bands at 1350 and 1045 cm™, which belong to
H,0 as well. These bands disappeared for the rest of the samples. Thus,
the calcination affects the water absorption by the samples.

The presence of a number of intense bands in the region of
1200-1700 cm™ most likely belongs to the vibrations of nitrogen-con-
taining groups [22], which aligns with the DSC data (Section 3.2). The
valence symmetric and asymmetric vibrations of NO, (1260-1390 cm™*
and 1490-1660 cm™) groups and valence N=0 oscillations of mono-
mers (1450-1680 cm™) and dimers (1250-1420 cm™) were found, as
well as deformation vibrations of the NH and NH, types that, in addi-
tion to the bands at 1550-1650 cm™, exhibit bands at 700-850 cm™.
The same vibration groups associated with the nitrogen atom are
characteristic to nitrogen-containing iron compounds. For example, in
the case of nitrates Fe(NO3)39H,0, oscillations are observed at 835,
1361, 1615, 1785 and 3230 cm™ [22]. In [23], the IR bands at 3382,
3282 and 1610 cm™ for the Fe/fumed SiO, sample were attributed to
the asymmetric stretch, the symmetric stretch and the asymmetric de-
formation of an amide species NH, adsorbed on Fe sites, respectively.
Annealing led to a sharp decrease in the intensity of the bands asso-
ciated with the nitrogen, and for samples annealed at a temperature of
300 °C or higher, they no longer appear.

Concerning iron oxides, all the spectra showed bands in the region
of 700-430 cm™ belonging to iron-oxygen stretching vibration [24,25].
Bands at 580-590 cm™ and 430-440 cm™ correspond to the intrinsic
stretching of the tetrahedral and octahedral sites of the inverse spinel
cubic of Fe304 [15]. However, it seems to be impossible to distinguish
between different iron oxides using these spectra.

Raman spectra of the NPs obtained are presented in Fig. 4. The
initial sample is shown to contain magnetite only [9]. Characteristic
broad bands of magnetite around 670, 310 and 540 cm™ are clearly
seen. According to Shebanova and Lazor, these bands are assigned for a
magnetite crystal: 668(a;), 538 (T2,) and 306(eg) [26]. It should be
noted that the Raman spectroscopic study of the powders obtained was
complicated, since the very low radiation intensities must be used to
avoid the transition of magnetite to hematite as a result of the local
heating. This kind of transition is known [15,26,27]. That is why the
sensitivity may be was too low to distinguish the small amount of ni-
trogen-containing species in the spectrum.
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]:1 000 a.u. Thermal treatment of the initial sample at 200 °C did not lead to

Raman spectra change. However, 300 °C heating resulted in narrowing
and a slight shift of the bands, even though the resulting spectrum
cannot be analyzed uniquely. That is why the sample with the thermal
treatment at 350 °C was prepared. Its Raman spectrum showed ma-
ghemite (651 (ag), 508 (Tg), 360 (eg) cm™) and hematite (605 (eg),
491 (ayg), 401 (ey), 285 (eg), 240 (eg), 220 (azg) cm™) band appearance
[27,28]. The subsequent thermal treatment led to the increasing of a-
and y-Fe;Oj3 content and resulted in pure hematite signals after heating
the sample at 500 °C.

Thus, Raman data did not exhibit nitrogen presence in the samples,
but it allowed one to distinguish between the iron oxides phases. The
Fe 300 initial nanopowder obtained by PLA in air consisted of magnetite.

—~ Thermal treatment of the sample at 350 °C led to the formation of the

mixture of magnetite, maghemite and hematite (the transformation
Fe_200 started at 300 °C). Heating at 400 °C resulted in the decrease of mag-

L

netite and an increase of hematite, while 500 °C calcined material

Fe_init. contained hematite only.
T T T T T T T M 1
200 400 600 8001 1000 3.4. Microscopic study of the materials
Raman Shift [cm™]

Fig. 5 represents the TEM images of the initial powder obtained by

Fig. 4. Raman spectra of the samples. A o i .
& P P Fe target ablation in air. The sample contains three different structural
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Fig. 5. TEM (a, b) and SAED (c) for Fe_init. sample. SAED analysis in (c): upper right quarter—dot line for Fe3O,4 (#04-018-0091); lower right quarter—solid line for
Fe 6N, (#01-070-6150); lower left quarter—dash line for Fe4N (#01-083-0875), dash-dot-dot line for FezN (#04-007-3379), dot line for Fe,N (#01-072-2126).
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elements. Most of the powder is presented by the 2-D lamellar struc-
tures. These lamellas can achieve 1pm in length and width at the
thickness of below 10 nm. The microstructure of these lamellas can be
seen in the inset in Fig. 5a: a homogenous “fabric” with flexures and
wrinkles. The next structural element of the sample is twisted lamellas
(see inset in Fig. 5a). The twisted lamellas are spindle shaped. Their
width is up to 150 nm, and their length may achieve 1 um (just like the
lamellas themselves). The third characteristic structure presented in the
sample Fe_init. is the NPs (Fig. 5a, b). The NPs are mostly spherical;
their size is in the range of 2-120 nm. Particles size distribution shows a
maximum at 12-15nm (Fig. S2 in the Supplementary material). Some
NPs are hollow (right corner inset in Fig. 5b), since they exhibit less
contrast in the center of the particles. The rest of the NPs are mono-
crystalline particles that may be covered with a thin shell (see other
insets in Fig. 5b).

As was noted above, there are very few studies published on the
production of iron-based nanopowders by laser ablation in the gaseous
phase. The experimental conditions in the works published differ from
those used in this work. Thus, the particles obtained differ in structure
and size. Ablation using Nd-YAG laser but with much longer milli-
second pulses and radiation power density of up to 10 MW/cm? in an
atmosphere of the nitrogen and oxygen mixture led to the formation of
only hematite nanoparticles [9]. The change in the gas mixture com-
position (the pressure; N,/O, ratio) and the power density of the ra-
diation affected only the dimensional characteristics of the particles
(size up to 30 nm). The mechanisms of the particle formation under
such conditions are fundamentally different from the one taking place
at nanosecond pulsed ablation used in this work.

Nanoparticles of Fe,O3 were also obtained in [8], where ablation
was carried out by ultraviolet radiation (308 nm) with an excimer XeCl
laser (the pulse duration of 28 ns and the radiation power density of
120 MW/cm?). The authors chosen conditions for the maximum oxi-
dation of iron: the synthesis was carried out in a flow reactor (one liter
per minute) in an oxygen medium. The gas medium and high-energy
UV radiation contributed to the complete oxidation of iron to hematite.
The average particle size for nanosecond ablation was much smaller
(8 nm) than for long pulses described in [9], which closer to the results
presented in this work.

The SAED data have shown (Fig. 5c and Table S1 in Supplementary
material) that apart from the magnetite phase (Card #04-018-0091),
iron nitrides may present in the sample: all the four marked in the
figure or some of them. This correlates with the DSC data (see Section
3.2) and spectral analysis data (Section 3.3). Nitrogen presence was also
proved by EDX analysis (Fig. 6). The calculated atomic content of N in
the Fe_init. sample was 5.8 = 0.6at% and 1.5 * 0.5at% for the
Fe_500 sample. Thus, nitrogen concentration decreased after thermal
treatment, and about 1.5% may be presented by the adsorbed species
that were detected by FTIR (see Section 3.3). Presumably, iron nitrides
were formed via the interaction of iron and nitrogen from the air in a
gas—plasma cloud during the ablation process.

To prove or disprove the hypothesis of the iron nitride formation, an
experiment with the ablation of the Fe target in an Ar/O, atmosphere
was carried out. As can be seen from the TEM image (Fig. 7), the sample
Fe_Ar O, consists of only spherical NPs with the size in the range of
4-120nm and the maximum at 15-18 nm (Fig. S3). According to the
SAED data, only one phase was present in the sample-the magnetite
(Card#00-019-0629, Table S2). Thus, in the absence of nitrogen, only
magnetite phase was formed. Moreover, this phase is of the 227 space
group with a cubic syngony, which has higher symmetry than the
monoclinic one (for the sample Fe_init.). Therefore, N, presence during
the ablation not only led to the formation of iron nitrides but affected
the magnetite crystallization process, resulting in the growth of the less
symmetrical phase.

230
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Fig. 6. Fragment of the EDX spectra for Fe_init. and Fe_500 samples.

However, thermal treatment of Fe_init. at 200 °C resulted in for-
mation of the magnetite 227 space group as well (Card#00-019-0629).
The SAED data are presented in Fig. 8c and in Table S3. The sample lost
nitrogen completely after heating. Thus, the temperature treatment led
to the oxidation of iron nitrides and magnetite recrystallization.

Concerning the microstructure, in the Fe 200 sample the 2-D la-
mellas are still present (Fig. 8a). But they show a more faceted structure
with larger structural elements and higher regularity. They consist of a
net-like continuous structure made of elements about 2-5nm in size.
The flexure and wrinkle characteristics of the initial sample disappear
here. Twisted lamellas can still be found in the sample. They trans-
formed into the denser rolls. Apparently, all these structural changes
are the result of the recrystallization during nitrogen loss and the oxi-
dation of the iron-containing sample during heating. Spherical NPs’ size
distribution in the Fe_ 200 sample widened to 5-195nm with the
maximum position still at 12-15nm (Fig. 8b and Fig. S4). The share of
large particles did not increase, but their size increased. So, thermal
treatment did not affect particle size much.

Further heating to 300 °C led to a greater loosening of the structure
of lamellas and rolls (Fig. 9a). Monocrystalline particles were still
present (Fig. 9b), but their phase composition changed. The SAED data
show that magnetite partly transformed to maghemite and hematite
(Fig. 9¢c, Table S4). In addition to that, the particles’ size increased: the
distribution occupied the region of 4-230 nm, and the maximum was
20 nm (Fig. S5).

Fig. 10 shows the TEM images of powder calcined at 400 °C. Particle
enlargement due to their concretion and recrystallization can be ob-
served. The larger particles seem to blur their boundaries and transform
into a joint 3-D structure. Separate particle size was measured; it was in
the region of 8-170 nm. The lower limit increased, but the higher limit
decreased compared with the Fe_300 sample. This can be explained by
the fact that larger particles cannot be distinguished in an almost
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(b)

Fig. 7. TEM (a) and SAED (b) for Fe_Ar O, sample.

Fig. 8. TEM (a, b) and SAED (c) for Fe_200 sample.
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Fig. 9. TEM (a, b) and SAED (c) for Fe_300 sample. SAED analysis in (c): upper right quarter—dot line for Fe;0, (#04-012-7038); lower right quarter—dash-dot line for

a-Fe,03 (#00-001-1053); lower left quarter—solid line for y-Fe,O3 (#04-016-4345).

monolithic 3-D structure. Particles size distribution maximum was at
30-35 nm (Fig. S6), which is larger than for the samples calcined at 200
and 300 °C. The SAED data analysis results showed the presence of
magnetite, maghemite and hematite in the sample (Fig. 10c, Table S5).
However, it is assumed that the main product in this sample is hematite,
since it did not show significant thermal transformations on the DSC
curve (see Section 3.2).

The TEM images of the Fe_500 sample are presented in Fig. 11. The
particles lost their individual boundaries. It is impossible to estimate
the particles’ size in this sample. The 3-D net-like structure formed
consists of hematite only (Fig. 11c and Table S6). Thus, thermal-assisted
complete phase transformation occurred at 500 °C.

It is interesting to notice that pores in the particles form in the
Fe_400 and Fe_500 samples while a 3-D net-like structure appears (light
circle spots in Figs. 10b and 11b). Apparently, recrystallization may
affect the specific surface area of the sample in two ways. Either it may
decrease the Spgr that is anticipated, since the particles size increased,
or it can increase the Sgpt, since more pores are formed. To find out
what is more likely, Sger of the samples was measured. The BET data

232

are presented in Table 1.

For the initial sample, two values of Sggy are presented. The first one
(100.1 cm?) was obtained when the sample degassing was carried out at
200 °C for 2h (the standard procedure that was used for the rest of the
samples). But, as it shown above, thermal treatment at this temperature
affects both the structure and the composition of the sample; that is,
Fe_init. can be partly transformed into Fe_200. The Syt values for these
two samples are rather close (100.1 and 100.8 cm?). That is why BET
measurements at room temperature degassing were carried out for the
Fe_init. sample. The resulting Spgr value was quite unexpected:
17.7 cm?. Thus, the specific surface area of the initial sample was much
lower than that of Fe_200.

So, the Spgr value increased five times, and the porosity increased
three times for the Fe_init. sample after heating at 200 °C. The possible
explanation is structural changes in the sample during heating. Fe_init.
contains lamellas with very smooth structures (see Fig. 5a and b). After
a 200 °C treatment, the lamellas structures became looser and more
faceted. They seem to be composed of separate but joint particles or
structural elements of 2-5nm. These structural transformations can
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Fig. 10. TEM (a, b) and SAED (c) for Fe_400 sample. SAED analysis in (c): upper right quarter—dot line for Fe304 (#04-012-7038); lower right quarter—-dash-dot line
for a-Fe,03 (#04-007-2140); lower left quarter—solid line for y-Fe;O3 (#04-016-4345).

increase the Sgpr value and porosity.

The subsequent decrease of Sppr from 100.8 cm? for Fe 200 to
19.2 cm? for Fe_500 is the result of particle enlargement and the joint
3-D structure formation. The porosity value reaches the maximum for
the Fe_300 sample and further decreases (Table 1). This maximum can
be explained by the structural transformations as well. Lamellas in
Fe_300 are looser and more porous than in Fe_200, and the porosity
increases. But in the Fe_400 sample, the lamellas disappeared com-
pletely, forming a 3-D joint structure, and porosity decreased. Pore
average diameter showed a minimum in the Fe_200 sample and con-
tinued rising (Table 1). Presumably, the minimum is also connected
with the lamellas restructuring after 200 °C of heating.

Thus, the microstructure of the powder obtained via PLA in air and
its phase composition are changed with the thermal treatment. The
original sample contained lamellar structures (including twisted ones)
and spherical monocrystalline particles. These structures became fa-
ceted and restructured with the rising temperature, and an almost
monolithic 3-D structure was formed after 400-500 °C of heating. The
Fe_init. sample contained iron-nitrogen compounds, which oxidized to
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pure magnetite after 200 °C of heating. The Fe_300 and Fe_400 samples
are presented by a mixture of magnetite, maghemite and hematite
phases. Thermal treatment at 500 °C led to complete oxidation with the
hematite-only formation.

3.5. Magnetic properties study of the materials

The magnetization curves for the powders obtained by PLA in air
and the subsequent thermal treatment are presented in Fig. 12. All the
curves exhibit hysteresis loops characteristic of ferromagnetic mate-
rials. Saturation of the magnetization was not observed for all the
curves. Parameters obtained from the VSM data are summarized in
Table 2 (Mg was determined by extrapolating the magnetization curve
to the y axis). The coercivity increases as the heat temperature in-
creases. This may be connected with the phase composition change: in
this series, the proportion of hematite content increases. As shown in
[29], thermal treatment of magnetite may lead to such a result. Also,
coercivity is a structure-sensitive characteristic. The larger particles and
3-D continuous net-like structure in the Fe 500 sample provides a
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Fig. 11. TEM (a, b) and SAED (c) for Fe_500 sample.

Table 1
BET data for the samples.

Sample Spgr [cm?] Pore volume [cm®/g] Pore average diameter [nm]
Fe_init. 100.1/17.7% 0.038 8.5

Fe_200 100.8 0.114 4.5

Fe_300 67.2 0.155 9.2

Fe_400 28.5 0.102 11.5

Fe_500 19.2 0.056 11.6

2 The value obtained for the sample degassed in a vacuum (10 Torr) at
room temperature for 4 h. All the rest data in this row belong to the degassing at
200°C for 2h.

larger field value for material demagnetization. Krajewski et al. [29]
explained this with the fact that larger particles formed as a result of
sintering containing more defects, dislocations and strains. This affects
magnetic properties, and the coercivity rises.

The H rising is accompanied by the M, decrease from the Fe_200 to
the Fe_ 500 samples. The Fe_init. sample, which has the lowest Hc,
showed an My lower than that for Fe_200, almost equal to that for
Fe_300, and larger than for the rest of the samples. This may be ex-
plained by the presence in the Fe_init. sample of nitrogen-containing
iron compounds, the magnetic properties of which differ from those for
iron oxides. So, the highest magnetization saturation was shown by the
sample heated to 200 °C. As it previously shown, this sample contained

234

——Fe_init. Fe_200 Fe_300 Fe_400 Fe_500
201
104
5
=]
qE, 04 04 =
: 3
10 e
\ /|
;T/ 300 3 600
_20 ] %
T T T T :N T T
-20000 -10000 0 10000 20000
H [Oe]

Fig. 12. VSM data for the samples.

only magnetite with the cubic syngony. With the phase composition
change (maghemite and hematite appearance), M; decreases. Remanent
magnetization showed a maximum value for the sample heated to
300 °C. Thus, this material may have the optimal phase composition
and structure for using it in processes that require NPs with the
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Table 2
Parameters obtained from VSM data: H¢ — coercivity; M — saturation magne-
tization; M, — remanent magnetization.

Sample Hc [Oe] M; [emu/g] M, [emu/g]

Fe_init. 108 19.3 2.79

Fe_200 116 20.8 3.36

Fe_300 142 19.4 4.03

Fe_400 228 10.1 2.59

Fe_500 413 0.7 0.24
Table 3

Zeta-potential measurement results for the samples (m = 20 mg/1).

Sample pH Zeta-potential [mV]
Fe_init. 4.25 +44.3
Fe_200 4.72 +26.3
Fe_300 5.30 +27.3
Fe_400 6.30 -21.9
Fe_500 5.30 +29.0

permanent magnetic properties. Thus, the materials obtained exhibit
quite different magnetic parameters and can be used for different
purposes in biomedicine and other fields.

3.6. Zeta-potential study of the materials

A possible application of the obtained materials in the field of bio-
medicine requires them to allow the obtainment of stable dispersions in
water and water solutions (saline solution, for example). To estimate
the stability of NPs’ dispersions, zeta-potential ({) measurements were
carried out. The results are presented in Table 3. The Fe_init. sample has
the highest positive potential and can form the most stable dispersions
in water. The samples annealed at 200, 300 and 500 °C exhibit a { value
between +26 and +29mV. The positive trend (from the Fe_ 200 to
Fe_500 samples) may be noticed, but the Fe_400 sample shows an un-
expected { value. In addition to the higher pH of the dispersion ob-
tained after Fe_400 sonication in water, the negative ¢ was found. Thus,
the stability of the dispersion may be close to that of other annealed
samples, but the surface state of the Fe_400 NPs differs dramatically.
Presumably, structural and phase transformations that occur starting
from 400 °C led to the surface state changes. Remembering the TEM
data, at this stage the lamellas disappear, and in addition to the NPs,
they start the formation of a joint 3-D structure. That is why, hy-
pothetically, this sample may contain the largest number of defects,
dislocations and strains, which formed as a result of first sintering stage.
Further heating may lead to a partial defect recovery, changing surficial
properties of the sample.

This is an important point, since different biomedical applications
require not only dispersions stability but also different surface states of
the NPs, allowing them to bind with required molecules, for example.

4. Conclusion

A number of magnetic NPs with varying characteristics were ob-
tained as a result of synthesis via nanosecond PLA of the iron target in
air and the subsequent annealing treatment.

The powder initially obtained by PLA contains spherical NPs of iron
oxide with the magnetite (Fe304) monoclinic structure with an ad-
mixture of lamellas and rolls, presumably represented by iron nitrides.
The concentration of nitride compounds in the samples is supposed to
be small, which makes it impossible to find them on XRD patterns. But
they were detected by highly-localized SEAD method. Indeed, it is not
easy to prove whether iron nitrides were formed or nitrogen-containing
molecules were adsorbed onto the surface. Most likely, both variants
coexist at the same time that is confirmed by the SAED, XRD, DSC/TGA,
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EDX, and FTIR data. The particles obtained are characterized by high
sedimentation stability in aqueous colloids and ferromagnetic behavior
at room temperature with a sufficiently high residual magnetization.
Thus, the initial sample may be of interest for use in the form of an
aqueous colloidal solution in biomedicine.

Annealing led to the removal of nitrides from the sample, the en-
largement of the particles and the increase of the remanent magneti-
zation. The Fe_200 sample was composed of pure magnetite and ex-
hibited the highest specific surface area. It can be used in any
application where a pure magnetite phase is required. The sample an-
nealed at 300 °C has an optimal phase composition and structure for its
use in processes that require NPs with permanent magnetic properties.
For example, it can be used as an active component of magnetic fluids
used for controlling mechanical (viscosity) and optical (transmission of
electromagnetic radiation in a wide range, especially in IR and THz)
properties. Despite the decrease in the zeta potential, the water colloid
of these particles is still sufficiently stable, which also allows their use
in biomedicine for hyperthermia, drug delivery and so on.

A further increase in the annealing temperature led to a consider-
able rearrangement, restructure and change of other particles’ char-
acteristics. A sharp change in the surface state of the Fe_400 sample,
which was revealed in the { opposite sign appearing, requires further
study of the samples surface states and the effect of the solution’s pH.
The decrease in the magnetic characteristics (in particular, the decrease
in the saturation magnetization) after annealing at 500 °C is associated
with the formation of a pure hematite phase with the concomitant
sintering and enlargement of the NPs. Along with that, phase-mixed (as
Fe_400 contained magnetite, maghemite and hematite) and pure he-
matite NPs are promising materials for catalysis, such as cracking of
petroleum.
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