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A B S T R A C T

Magnetic nanomaterials were synthesized using a method of pulsed laser ablation of an iron target in water
(PLAL) and in air (PLAG). The microstructure and composition of the obtained materials differed. Spherical
nanoparticles (NPs) of 2–80 nm containing Fe3O4, α-Fe2O3, γ-Fe2O3, FeO and Fe were obtained using PLAL.
According to the XPS and FTIR data, the surfaces of these particles contained both Fe3O4 and Fe2O3. PLAG led to
the formation of NPs of 2–120 nm and 2-D lamellar structures up to 1 μm. This material contained more mag-
netite and nitrogen species, presumably iron nitrides. This material’s surface contained FeOOH; the OH-group
content was very high. It exhibited the greatest sedimentation stability and zeta potential value, while magnetic
NPs (MNPs) obtained in water were less stable in colloids. The difference in the magnetic parameters of the two
materials can be connected to not only the different composition (different magnetite content and nitrogen
species presence) but also their structural features. Thus, PLAL and PLAG methods allowed for obtaining
magnetic nanostructured materials with different characteristics suitable for application in different fields.

1. Introduction

Magnetic nanoparticles (MNPs) based on iron-containing com-
pounds, primarily oxides, are of great interest for various applications,
as well as for fundamental studies of the effect of their structure, size
and morphology on magnetic properties [1–3]. In fields such as bio-
medicine, for example, magnetite Fe3O4 is preferable to hematite α-
Fe2O3 because it exhibits higher residual magnetization [4,5].

There are a number of chemical methods for obtaining MNPs con-
sisting of various iron oxides [6–8]. However, the purity of the final
nanomaterials, meaning the absence of the precursors’ traces and other
contaminants, is important for a number of applications. That is why
high-energy physical methods of obtaining MNPs have been intensively
developed recently [9–11]. Pulsed laser ablation in a liquid (PLAL) is
one of these methods. It has been effectively developing since the ‘90s
[12,13]. PLAL allows one to obtain particles directly in the form of
colloids in pure solvents with a minimal amount of precursors, or
without them. It also provides the possibility of varying the particles’
size and structure within certain limits [14–17]. Recent achievements
in understanding the ablation mechanisms and increasing productivity
[18–20] have expanded the fields of its practical use, for example, for

catalysis [21–24].
The preparation of iron oxide nanoparticles by PLAL has been stu-

died rather in depth. Varying the parameters of the radiation (wave-
length, pulse duration, power), as well as changing the solvent com-
position, makes it possible to obtain iron oxide particles of different
sizes and compositions [25,26,20]. For our group, the synthesis of
MNPs by PLAL is the most interesting area [27–30].

NPs with a given composition and structure obtaining under pulsed
laser ablation in gas (PLAG) or a vacuum is a much less developed
technology. Thus, according to the literature data, PLAG of the iron
target was carried out under the conditions that predominantly led to
hematite α-Fe2O3 nanoparticle formation [31,32]. MNPs for the first
time were obtained through nanosecond laser ablation in atmospheric
air in our previous work [33].

In previous works, our group studied the composition, structure and
morphology of iron oxide nanoparticles obtained by nanosecond pulsed
laser ablation of a metallic iron target in air at atmospheric pressure
[33] and in distilled water [34,35] using the radiation of the funda-
mental harmonic of a Nd:YAG laser. These studies showed that NPs
obtained through PLAL and PLAG are predominantly composed of
magnetite and have similar dimensional characteristics. The main
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difference of the MNPs obtained in air is the presence of a small amount
of nitrogen. Nitrogen, presumably, can present in different forms (iron
nitrides, adsorbed nitro and amino groups [33], etc.). Moreover, in
addition to spherical NPs, lamellar nanostructures were present in the
sample obtained through PLAG.

The aim of this work is a detailed comparative study of the com-
position and properties of the surface of Fe3O4 MNPs, depending on the
method of obtaining them (PLAL in water or PLAG in air with the same
laser source). The surface, along with the size and magnetic and other
properties, plays a decisive role in the practical use of MNPs in biology,
medicine, catalysis and optoelectronics, which determines the re-
levance of this study.

2. Material and methods

2.1. Samples preparation

Iron oxide MNPs were obtained through the ablation of an Fe target
(99.5%) by the pulsed focused radiation of an Nd:YAG laser TII LS-
2131M-20 (LOTIS, Belarus) at 1064 nm, 20 Hz, 7 ns and 150mJ. PLAL
and PLAG methods were performed.

(1) In the case of PLAL, a target with a size of 40×10×5mm was
immersed in a 100-ml glass cylindrical reactor filled with distilled
water (see the scheme in Fig. 1a). The laser radiation was focused
using a short-focus (F= 50mm) collecting lens. The laser beam was
introduced into the reactor through the sidewall. The steam-plasma
cloud formed as a result of the target ablation interacted with the
solvent. The layer of liquid in front of the target did not exceed
5mm, minimizing the secondary interaction effects in the colloid
between the NPs and the laser radiation. To accelerate the MNPs
sedimentation process for additional reduction of the interaction
between the NPs and laser radiation, a permanent magnet was in-
stalled under the reactor. The ablation process took 3 h. The
average yield of MNPs under these experimental parameters was
∼15mg/h. The resulting colloids were dried in air at 50 °C. The

synthesis procedure was repeated several times under the same
conditions to obtain a sufficient amount of powder for the study.
The sample obtained was marked as Fe/water.

(2) In the case of PLAG, a target with a size of 40× 40×5 was fixed in
a lid on the back end of a cylindrical quartz glass reactor (see the
scheme in Fig. 1b). The reactor was 200mm in length, its internal
diameter was 60mm and it had a volume of ∼565 cm3. The front
end of the reactor was closed with a polyethylene membrane
transparent for the radiation. The laser beam was focused on the
target surface using a long-focus (F=500mm) collecting lens. The
gas-plasma cloud formed during the target ablation interacted with
the molecules of gases from the air. The MNPs obtained settled on
the reactor walls, forming a layer of brown powder. To accelerate
the MNP deposition process and reduce their interaction with the
laser beam, a belt of magnets was fixed around the outside wall of
the reactor. The ablation process took 5 h. The powder was then
mechanically removed from the reactor walls. The average yield of
the MNPs was ∼15mg/h. The sample obtained was marked as Fe/
air.

In both cases, the initial radiation power density on the target sur-
face was 400MW/cm2. For the sake of the uniform irradiation of the
target surface, it was automatically moved along the XY plane ortho-
gonal to the laser beam.

There is evidence in the literature that the external electric and
magnetic fields can affect the ablation process, the shape and structure
of the particles obtained [36–38], and also can structure the obtained
particles in a liquid [39]. In the experiments in this work, the perma-
nent magnets were used during the ablation and were set quite far from
the irradiation zone. From the TEM and XRD data, we did not find the
effect of the magnetic field on the size, morphology, and structure of the
nanoparticles obtained. It was found that such use of magnets only led
to an increase in the productivity of the particles’ obtaining by 1.2 times
due to a decrease in the radiation scattering during particles’ ac-
celerated deposition.

Additional PLAG in an Ar+O2 mixture was carried out (for more
details, see [33]).

2.2. Characterization methods

The characterization was carried out using the equipment of the
Tomsk Regional Common Use Centre of Tomsk State University.

X-ray photoelectron spectroscopy (XPS) was performed by using an
ES-300 (Kratos Analytical) photoelectron spectrometer equipped with
MgKα (hυ=1253.6 eV) radiation source. The source power was 78W,
so no sample reduction was observed during spectra acquisition. The
spectrometer was calibrated using the Au4f7/2 (84.0 eV) and Cu2p3/2
(932.7 eV) lines of pure gold and copper metallic surfaces. Spectral
calibration for the FeOx samples was performed using
Eb(C1s)= 285.2 eV, typical for carbon impurities on oxide surfaces
[22]. Control of the surface chemical composition was attained using
survey spectra in the range of 0–1100 eV. The Fe2p, Fe3p, O1s, N1s and
C1s spectral regions were recorded using a pass energy of 25 eV and a
0.1‐eV step to study a charge state of the corresponding elements. The
chemical composition of surface was quantitatively determined from
integral peak areas using standard atomic sensitivity factors (ASF) [39].
Processing of the obtained data and spectral analyses (curve fitting,
area calculation, and difference spectra) were performed using the XPS-
Calc program, which has been tested on a number of systems [40–42].
The curve fitting procedure was performed using an approximation
based on a combination of the Gaussian and Lorentzian functions with
subtraction of a Shirley-type background. Before the curve fitting, all
experimental spectra were smoothed using a Fourier filter. No con-
siderable difference between the smoothed and experimental curves
was observed; the mean-square deviation was less than 1%. The max-
imum depth of XPS analysis is limited by 3-fold inelastic mean free path

Fig. 1. Scheme of experimental setup for MNP synthesis by PLAL (a) and PLAG
(b).
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(IMFP) − 3 λ . The IMFP values for Fe3p, O1s and Fe2p photoelectrons
emitted from FeOx were calculated as 9–7 nm [43] Therefore, the depth
of XPS analysis of FeOx samples can be considered as a layer with
thickness less than 9 nm.

To study the electrokinetic characteristics of the Fe/water and Fe/
air powders, aqueous suspensions of the samples with a concentration
of 20mg/l were prepared. The powders were ultrasonicated (a bath of
500ml, at 35 kHz and 50mW) in a 100-ml beaker with distilled water
three times for 10min. The sample obtained through PLAL was also
studied in the form of the initial colloid (Fe/water_init.).

Zeta potential values of the particles were determined through
electrophoretic light scattering with phase analysis (PALS) using a Nano
Brook Omni (Brookhaven, USA). To study the dependence of the par-
ticles’ zeta potential on the pH of the dispersion, the initial colloids
were titrated with the diluted (0.001 and 0.1mol/l) aqueous solutions
of KOH or HNO3 using a BI-ZTU automatic titrator (Brookhaven, USA).

Raman spectra of the powder samples were obtained using an InVia
(Renishaw, UK) confocal Raman dispersion spectrometer equipped with
a Leica microscope with a 50×objective. Excitation was performed
with a semiconductor laser at 785 nm and 100mW. To prevent sample
heating and phase transformation [35,44], only 0.5% of laser power
was employed with the 100% defocusing mode. The Raman spectra
were measured in the 100–1000 cm−1 range with a 1 cm−1 spectral
resolution. Powder samples were examined through ATR-FTIR spec-
troscopy (Nicolet 6700, Thermo Fisher Scientific, USA) in the range of
400–4000 cm−1 with a 4 cm−1 spectral resolution. Reflection spectra
were converted using Kubelka–Munk transformations.

The BET surface area of the powders was measured using a gas-
adsorption analyzer of specific surface area and porosity, TriStar II
3020 (Micromeritics, USA). Before analysis, the powder samples of the
material were degassed in a vacuum (10−2 Torr) at 200 °C for 2 h.

The magnetic properties of the materials were studied at room
temperature using a vibrating sample magnetometer (VSM) in a mag-
netic field up to±20 kOe. Mechanical vibrations of the sample were
provided by a vibrator of the original design. The relative instability of
the oscillation amplitude was 10–4, with a frequency of 10–5. For the
signal registration, the system of four pickup coils was used. The dy-
namic range of the equipment was 5×10–6–100 emu. The KBr powder
was used to ground the samples and press them into the tablets for the
magnetic measurements. More details on the experiment can be found
in our previous work [35].

3. Results and discussion

3.1. Microstructure study

The materials obtained were studied through TEM. Fig. 2 presents
the obtained images with the additional HRTEM insets. The samples
contain different structural elements. The Fe/water sample consists of
agglomerated spherical or near-spherical crystalline particles (Fig. 2a).
The largest particles are up to 80 nm in size, but the main fraction is
presented by the NPs of 1–10 nm in size, with the maximum of dis-
tribution at 2 nm [35]. The Fe/air sample is represented by three dif-
ferent structures. First are 2-D thin (up to 10 nm) sheets of 1 μm in
length/width, so-called lamellas. They seem to be composed of small
crystal or amorphous particles of 1 nm or smaller (Fig. 2b, upper right
corner inset). The second structural element in this sample are rolls
(Fig. 2b, upper left corner inset) that are formed by the twisted la-
mellas. Their width can reach 150 nm. The third structures that can be
found in the Fe/air sample are spherical and near-spherical crystal NPs
of 2–120 nm (Fig. 2b, two lower left insets), with the maximum size
distribution at 12–15 nm [33].

The BET data obtained for the samples at the preliminary degassing
at 200 °C are presented in Table 1. One can notice that the specific
surface areas for both samples are relatively close in value. However,
the pore volume and pore size for the Fe/air sample are almost twice as

low as those of the other sample. That can be explained by the micro-
structure of this sample—almost half of its mass is represented by la-
mellar structures that may contain smaller pores (their structural ele-
ments are extremely small), but since the lamellas are 2-D, the pore
volume is not expected to be high.

Thus, it is seen that the media for the PLA process dramatically
affects the product microstructure.

3.2. Composition study

3.2.1. X-ray diffraction
The XRD patterns for the samples are presented in Fig. 3. Because

iron oxide phases exhibit quite close peak positions, the task of de-
termining precise sample phase compositions is almost impracticable.
However, a relative estimation can be carried out.

It is seen that the Fe/air sample pattern contains mainly magnetite
signals (∼90%), and small iron nitride (Fe2N) peaks can be identified
(∼1.5%). It almost does not exhibit maghemite and hematite peaks (the
total signal from the remaining phases is less than 9%). The XRD pat-
tern of the Fe/water sample, on the contrary, contains peaks of ma-
ghemite and hematite (about 10%), magnetite (∼74%) and, moreover,
peaks of FeO (∼15%) and the metallic Fe (∼1%).

Thus, not only the microstructure but also the phase composition of
the samples obtained in water and air media differ. Despite the fact that
the main phase of both samples is magnetite, the Fe/water sample
contains significantly more impurities of other iron-based phases.

3.2.2. Raman spectroscopy
It is known that the Raman spectra registration should be carried

out under soft conditions in order to avoid phase transformations in the
samples [35,44]. The spectra obtained under such conditions are pre-
sented in Fig. 4. It is seen that, according to Raman data, both the
samples contained magnetite phase only: 668 (A1g), 538 (T2a), and 306
(Eg) [39].

XRD analysis is based on integrated signal obtaining, while Raman
deals with local near-surface analysis. Thus, other phases may be not
seen because of their low content. Also, the conditions for the Raman
spectra registration were chosen to be soft in order not to damage the
sample. That is why the sensitivity may be too low to distinguish the
small amount of, for example, nitride in the spectra.

3.2.3. X-ray photoelectron spectroscopy and IR spectroscopy
The carbon C1s peak at 285.2 eV was used as a reference for the

charge correction (Fig. S1, Supplementary Material). Carbon is a
common contaminant appearing in the XPS data. Because the samples
were kept in air, the carbon-containing species have adsorbed on their
surface. Moreover, the Fe/air sample was obtained in air, and the
carbon content on its surface was twice as high as that of the Fe/water
sample (Table 2).

The analysis of Fe2p lines (Fig. 5a) provided the following in-
formation. For the Fe/water sample, peaks for Fe3O4 (at 710.9 and
724.4 eV for Fe2p3/2 and Fe2p1/2, respectively) were found, along with
a satellite at 718.8 eV that is more typical for Fe2O3 [45]. For the Fe/air
sample, these lines were shifted, and the satellite line almost dis-
appeared. The line at 711.6 eV corresponds to FeOOH [46].

Using the Fe3p line (Fig. 5b), the Fe/air sample was found to con-
tain Fe3+ on the surface. It is characterized by the binding energy of
56.4 eV. According to McIntyre [46] and Yamashita [45], this line
corresponds to FeOOH. In the Fe/water sample, the Fe3p line can be
decomposed into two components obtained at 53.7 and 55.7 eV (Fig.
S2, Supplementary material). The first corresponds to Fe3O4 [46], and
the second one is typical of Fe2O3.

Nitrogen was detected in the Fe/air sample (Fig. 6a). Two nitrogen
N1s components were found with binding energies of 400.0 and
407.0 eV. The nitrogen component at 400 eV could belong to either the
NH3, NH2-group or to iron nitride Fe-Nx. Another N1s component (at
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407 eV) more likely concerns the nitrogen from the nitro-group NO3.
These data are consistent with the ATR-FTIR spectra, pointing at both
nitrogen components’ presence (Fig. S3). In our previous work [33], the
NHe and NH2 groups were found in the Fe/air sample (vibrations at
700–850 and 1550–1650 cm−1), along with NO2 species (1260–1390
and 1490–1660 cm−1).

To better understand the source of nitrogen presence on the Fe/air

surface, the Fe/Ar+O2 sample was obtained through PLAG in the
argon-oxygen mixture. According to XPS, this sample also contained
nitrogen on the surface (Fig. S4), but the ratio N/Fe, in this case, was
twice as low as for the Fe/air sample. Because iron nitrides were not
found in SAED patterns for the Fe/Ar+O2 sample [33], it was con-
cluded that N presented in this sample only in adsorbed form on the
surface. This was confirmed by the FTIR data (Fig. S3). Vibrations at
1454 and 1620 cm−1 correspond to N]O monomers and at 1343 cm−1

to N]O dimers. As mentioned above, the Fe/air sample spectrum
contained both NO and NH bond vibrations (Fig. S3 and [33]). Also, the
Fe/air sample contained more nitrogen, and the nitrogen-containing
phases can be detected by the XRD (Fig. 3 in Section 3.2.1.) and SAED
(our previous work [33]). Thus, it can be assumed that the NO-con-
taining species can adsorb onto the material surface after the ablation

Fig. 2. TEM images with HRTEM insets for Fe/water (a) and Fe/air (b) samples.

Table 1
BET data for the samples.

Sample SBET [m2/g] Pore volume [cm3/g] Average pore diameter [nm]

Fe/air 100.8 0.114 4.5
Fe/water 121.4 0.209 6.9
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because the Ar+O2 atmosphere excluded sample interaction with ni-
trogen during the PLAG process. Also, it should be mentioned that the
Fe/water sample did not contain nitrogen on the surface, so this sample,
when in the form of a powder, is stable to the nitrogen sorption. At the
same time, nitrogen present in the crystal lattice of the Fe/air nanos-
tructures makes it different from the Fe/water sample in terms of fields
of application and affects its surface properties.

The analysis of the O1s line showed that the oxygen state in the Fe/
water and Fe/air samples differed as well (Fig. 6b). The binding energy
of 530.0 eV for the sample ablated in water corresponds to O from FeO,
γ-Fe2O3 or Fe3O4. The O1s line for the sample ablated in air is de-
convoluted (not shown) to two components at 530.8 and 532.4 eV.
According to the literature [46], these binding energies are character-
istic of FeOOH. Yamashita and Hayes [45] also mentioned that oxygen
from the OH-group exhibited a line at 532.2 eV. The significant amount
of OH-groups on the Fe/air sample surface was also confirmed by ATR-
FTIR data (Fig. S3). The broad peak at 3000 cm−1 corresponds to OeH
vibrations. It exceeds the amount of surficial OH-groups in the Fe/water
and Fe/Ar+O2 samples that is consistent with what was mentioned
above (see Fe XPS lines analysis).

Thus, it can be concluded that the surface composition of the sam-
ples is completely different (Table 2). The Fe/O ratio is seen to be 0.7
and 0.3 for Fe/water and Fe/air, respectively. This atomic ratio is 0.75
for Fe3O4, 0.67 for Fe2O3 and 0.5 for FeOOH. Thus, such results can be
explained by the presence of FeOOH on the Fe/air sample surface that
was confirmed by both XPS and ATR-FTIR. Additionally, the presence
of nitrogen-containing compounds (both FeeN and OeN) can explain
the deviation of the Fe/O ratio from 0.5 to 0.3.

Thus, in addition to the information on the surface composition of
the samples, the results obtained by XPS and FTIR can be used to un-
derstand the properties of the corresponding colloids, such as point of
zero charge, stability, pH, etc.

3.3. Electrokinetic study

The distilled water used for the colloid preparation was character-
ized by a pH of ∼6 due to the carbon dioxide dissolution from the air
during storage. The colloids obtained exhibited pH values from 4 to 6
and positive zeta potential values (Table 3). The pH values observed
were caused by the hydration of the particles’ surface accompanied by
hydrolysis and subsequent surface ionization. In particular, the hydra-
tion of the iron oxide particles’ surface led to a dissociative adsorption
of water on surface iron cations with the formation of the surface hy-
droxyl groups. The resulting proton can go into the liquid phase,
changing the pH of the colloid:

^Fen++2H2O↔^FeeOH+H3O+→ (n= 2,3)

Fig. 3. XRD patterns for Fe/water and Fe/air samples.

Fig. 4. Raman spectra for Fe/water and Fe/air samples.

Table 2
Data on the samples’ surface composition calculated from the XPS analysis.

Sample Atomic concentration [%]

C O N Fe

Fe/water 22.0 44.9 – 33.1
Fe/air 42.9 41.2 3.9* 12.0

* 1.0% for N-H and 2.9% for N-O.

Fig. 5. XPS lines Fe2p (a) and Fe3p (b) for Fe/water and Fe/air samples.
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Alternatively, H+ can participate in the surface ionization, de-
termining the surface potential:

^FeeOH+H3O+↔^FeeOH2
++H2O

In the case of the Fe/water_init. sample (the colloid after PLAL), the
pH was caused by the processes taking place during the PLAL and the
subsequent aging of the particles in the supernatant solution, including
surface ionization that determines the surface potential.

The lowest pH value was determined for the Fe/air colloid. This fact
points to the presence in its particles of more surface centers available
for the hydration, in contrast to the sample obtained in water (meaning
Fe/water that was dried and dispersed in water again for the zeta po-
tential measurement). In the sample obtained in air, according to ATR-
FTIR spectroscopy (see Section 3.2.3 and [33]), there were surface NO3-
groups/iron nitrates, which can readily be hydrolyzed to form nitric
acid:

^FeeOeNO2+H2O↔^FeeOH+HNO3

Thus, the presence in the samples of surface NO3-groups/iron ni-
trates causes a more acidic medium of the resulting colloid. This leads
to a high zeta potential value of the particles and colloid stabilization
(the colloid was found to be stable for several weeks).

The colloid of the Fe/water sample exhibited a relatively high pH, a
low zeta potential (below+20mV) and low stability. The initial col-
loid (Fe/water_init.) obtained directly through the PLAL of iron in
water, despite the relatively high pH, was characterized by a large zeta
potential. It exhibited greater stability than the dispersion of the Fe/
water sample. It can be associated with a smaller particle size and a
large number of surface functional groups in the case of iron oxides
formed in water. The Fe/water colloid was obtained through the se-
paration from the colloid followed by the drying. Therefore, the change
in its particle characteristics can be associated with a change in the
particles’ surface state. The initial hydrated sample restructured its
subsurface layer during drying. The dehydration process, including
oxolation (surface hydroxide interaction with the formation of water
and the FeeOeFe bond), is accompanied by the transition of Fe (II) to
Fe (III). During the drying process, the formation of rigid agglomerates
of the particles occurs due to the inter-particle interaction of the surface
hydroxides.

Fig. 7 shows the curves of the direct (by the KOH solution) and back
(by the HNO3 solution) titrations. The dependences of the potential on
the pH of the colloid obtained for the direct titration for all the samples
are quite similar. The pH values at the zero-charge point for the samples
studied are in the range of 6.2–7.2, which is characteristic of magnetite
Fe3O4 [42] and agrees well with the data of XRD and Raman spectro-
scopy. At the same time, the pH at the zero-charge point for the Fe2O3

oxide lies in the same interval [47]. A small but obvious difference in
pHIEP for the samples obtained in water and gas indicates a difference in
the surface state of the samples obtained through different methods.

It is noted in [47] that the magnetite Fe3O4 with the different Fe
(II)/Fe (III) ratio is characterized by the different pHIEP values: for Fe
(II)/Fe(III)= 0.45, pHIEP is 6.6, but for Fe(II)/Fe(III)= 0.35, pHIEP is
7.2. Thus, the data of the electrokinetic study indicated that the surface
composition of the samples obtained in water and the gas phase is
different, which may be the reason for the different stability of the
resulting suspensions. That is consistent with the XPS and FTIR data
(see Section 3.2.3.).

The course of the back titration curves depends on the method of
obtaining the samples, which further confirms the difference in the
composition of their surface. For the Fe/air sample obtained in the gas
phase, a slight hysteresis was observed (Fig. 7b). This is due to a rela-
tively high rate of the titration of the colloid by the acid that is in-
sufficient to establish equilibrium. At the same time, for the Fe/water
and Fe/water_init. Samples obtained in water, under the same titration
conditions, more pronounced hysteresis was observed (Fig. 7a, c). This
indicates that deeper conversions occurred when the acid was added to
the system. In particular, these may be partial dissolution processes,
characteristic of Fe3O4 in diluted acids accompanied by a strong change
in the composition and structure of the surface. The Fe/air sample
contained magnetite as well, but the FeOOH and OH-groups on its
surface (according to XPS and FTIR data) may have protected it from
dissolution.

In general, it can be assumed that in the case of the Fe/air sample
obtained in the gaseous phase, the surface of the Fe3O4 particles (or the
resulting oxide as a whole) is characterized by a higher Fe(III) content,
while for the samples obtained in water, the amount of Fe(III) on the
surface was lower. For the Fe/air sample, a more thermodynamically
stable hematite Fe2O3 with a defect spinel structure on the Fe3O4 sur-
face is possible. This completely agrees with the XPS data.

Thus, the medium used for the pulsed ablation affects the MNPs
surface charge state. The most stable sample obtained through PLAG
showed lower initial pH and higher zeta potential. This can be

Fig. 6. XPS N1s (a) and O1s (b) lines for the samples.

Table 3
The data obtained through the colloid titration.

Sample Initial pH Initial zeta
potential [mV]

pHIEP direct
titration

pHIEP back
titration

Fe/water 5.5 +16.8 6.2 2.7
Fe/water_init. 6.03 +21.7 6.7 3.2
Fe/air 4.08 +36.2 7.2 6.4
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explained by both the presence of the nitrogen species on its surface and
the surface FeOOH content (see XPS data), so the surface OH-groups
can additionally stabilize the particle colloids. The Fe/water sample
exhibited lower but still sufficient stability. Its surface had a higher Fe
(II)/Fe(III) ratio, which can provide other functional properties that are
in demand, for example, in biomedicine and sensorics.

3.4. Magnetic properties study

VSM data obtained for the Fe/water and Fe/air samples are pre-
sented in Fig. 8 and Table 4. A hysteresis loop was observed at the
magnetization curves for both the materials at room temperature. The
shape of the loop is characteristic of ferromagnetic particles.

The samples exhibited almost equal remanent magnetization (Mr),
but the magnetization of saturation (Ms) and coercivity (Hc) differed. Hc

is a size-dependent parameter. Because the Fe/water sample consisted
of smaller particles, it should have exhibited lower coercivity. However,
the effect was contra verse. The Fe/air sample contained lamellas
consisting of very small structural elements. This may have led to the
higher Hc value of the Fe/water sample. Also, the higher the defective
structure of the material, the higher the Hc value [48]. Thus, the

particles of the Fe/water sample may contain more defects, strains,
dislocations, etc. The Ms of the samples may differ because of the dif-
ferent magnetite content as well as the nitrogen presence in the Fe/air
sample. It is known that the magnetic properties of the iron nitrides
differ from those of the oxides. Thus, iron nitrides contribute to the
differences in magnetic properties, as well as the structural difference of
the samples.

4. Conclusions

Iron-based magnetic nanomaterials were synthesized using pulsed
laser ablation in water and air. The samples obtained were studied and
compared.

It was found that not only the microstructure but also the phase
composition of the samples obtained in water and air media differed.

Iron ablated in water consisted of spherical and near-spherical NPs
2–80 nm in size (maximum of 2 nm) of magnetite (74%) with other
oxide phases and metallic iron. The surface of these particles contained
both Fe3O4 and Fe2O3. Ablation of iron in air led to the formation of
NPs 2–120 nm in size (maximum of 12–15 nm) and 2-D lamellar
structures up to 1 μm. This material contained more magnetite phase
than the Fe/water sample (90%), and nitrogen species were detected
both adsorbed and in the composition of the crystal phase, presumably
iron nitrides. Under ablation in air, the surface of the obtained materials
contained FeOOH, and the OH-groups content was very high.

The material obtained through PLAG exhibited the greatest stability
and zeta potential value. It was assumed that the nitrogen species and
OH-groups on its surface stabilized the colloids of this material. The
sample ablated in water exhibited lower but still sufficient stability. Its
surface had a higher Fe(II)/Fe(III) ratio that can provide other func-
tional properties.

The samples’ magnetic behavior was found to be quite similar.
However, the sample obtained in air exhibited larger magnetization of
saturation and lower coercivity. It was assumed that the difference in
the parameters could be connected to not only the different sample
compositions (different magnetite content and nitrogen species pre-
sence) but also their microstructure difference.

Thus, pulsed laser ablation in water and air allows one to obtain
magnetic nanostructured materials with different characteristics. This is
quite important for the material application in various fields, such as
biomedicine, sensorics and catalysis.

Fig. 7. Zeta potential dependence on the pH for the (a) Fe/water, (b) Fe/air, (c)
Fe/water_init. samples at the direct (black color) and back (red color) titration.

Fig. 8. VSM data for Fe/water and Fe/air samples.

Table 4
VSM data of the samples.

Sample Mr [emu/g] Ms [emu/g] Hc [Oe]

Fe/water 2.5 15 145
Fe/air 2.8 20 100
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