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Impact of Thermal Oxidation on Morphological,
Structural and Magnetic Properties of Fe-Ni
Wire-Like Nanochains

MARCIN KRAJEWSKI, MATEUSZ TOKARCZYK, SABINA LEWIŃSKA,
KAMIL BOCHENEK, and ANNA ŚLAWSKA-WANIEWSKA

This work presents the evolution of morphological, structural and magnetic properties of
amorphous Fe-Ni wire-like nanochains caused by thermal oxidation. The initial Fe1�xNix
samples (x = 0.75; 0.50; 0.25) were prepared through the magnetic-field-induced synthesis, and
then they were heated in dry air at 400 �C and 500 �C. These treatments led to two competing
simultaneous processes occurring in the investigated samples, i.e., (i) a conversion of amorphous
material into crystalline material, and (ii) their oxidation. Both of them strictly affected the
morphological and structural properties of the Fe-Ni nanochains which, in turn, were associated
with the amount of iron in material. It was found that the Fe0.75Ni0.25 and Fe0.50Ni0.50
nanochains were covered during thermal treatment by the nanoparticle oxides. This coverage
did not constitute a good barrier against oxidation, and these samples became more oxidized
than the Fe0.25Ni0.75 sample which was covered by oxide nanosheets and contained additional
Ni3B phase. The specific morphological evolutions of the Fe-Ni nanochains also influenced their
saturation magnetizations, whereas their coercivities did not vary significantly. The obtained
results constitute an important source of information for future application of the thermally
treated Fe-Ni nanochains which could be applied in the energy storage devices or catalysis.
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I. INTRODUCTION

THE conversion chemistry is a fast developing part
of chemistry which describes the morphological changes
of nanomaterials occurring during the chemical conver-
sion reactions due to the formation of voids or hol-
lows.[1] In general, the conversion reactions less affect
large bulk materials because the formation of voids or
hollows possesses minor impact on their resulting
properties. In turn, the formation of voids or hollows
is very important at nanoscale where the material
properties are extremely sensitive on changing their
morphologies, shapes and/or sizes.[1,2]

Among conversion reactions, it is possible to distin-
guish three main types, namely: Kirkendall effect-driven
processes, galvanic exchange, and anion exchange.[1] All
of them are associated with the intrinsic morphological

changes which, in turn, are related to the autocatalytic
interactions between nanomaterials and environment in
which they are placed. Undoubtedly, the most common
conversion reaction is the oxidation of metallic nanos-
tructures.[3–9] Typically, this process is very similar to
the oxidation of bulk metal in which a very thin oxide
shell is usually formed on the metal surface even at low
temperatures. When the temperature increases, the rate
of oxidation reaction is accelerated and this causes the
growth of oxide layer thickness. At the same time, a
formation of numerous small vacancies at the interface
between metallic core and oxide shell is usually
observed. If the vacancies are close each other, they
condense in the form of voids. The increasing temper-
ature or the increasing time of oxidation leads to the
generation of more voids which coalesce and form
hollows or even pores inside the material. In the case of
nanomaterials, this phenomenon is often referred as the
nanoscale Kirkendall effect and is associated with the fact
that the outward diffusion of metal ions from the
material core through the initially formed oxide layer is
much faster than the inward diffusion of oxygen ions
toward the core.[1,10] Since the first description of the
nanoscale Kirkendall effect in 2004,[11] this process has
become one of the most powerful synthesis strategies
leading to the formation of hollow nanomaterials
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because it provides the possibility to obtain the uniquely
tailored nanostructures such as core–shell, core–void–
shell or even yolk–shell nanostructures.[1,3–8,10,12–17]

Considering that the diffusion coefficients of Fe and
Ni ions through their own oxides are much higher than
those of oxygen ions,[10] the nanostructures composed of
these elements are very interesting materials in terms of
their investigations associated with the nanoscale Kirk-
endall effect. Hence, there are some publications in the
literature dealing with this matter. For instance, R.
Nakamura et al. [12] performed the advanced transmis-
sion electron microscopy (TEM) studies on the oxidized
Ni nanoparticles (NPs) and they noticed that the
condensation of vacancies into void during the oxida-
tion process took place at an off-centered position. This
observation was also confirmed for small oxidized Ni
NPs with diameter of about 26 nm by Railsback et al.[4]

but, at the same time, they found that the oxidation of
large Ni nanoparticles (diameter ~96 nm) resulted in the
formation of porous NiO NPs possessing multiple voids.
In turn, taking into account the oxidation of iron
nanoparticles, it was found by several research groups
that the void was typically formed at the center of
nanoparticle.[13–17] This observation has been more
recently confirmed by Y.G. Sun et al.[6] who carried
out the oxidation process for the small colloidal Fe NPs
(diameter of 13 nm) and monitored their evolution using
small-angle X-ray scattering (SAXS) and wide-angle
X-ray scattering (WAXS). Based on the results coming
from the synchrotron X-ray scattering techniques, they
managed to simulate the process of oxidation and they
compared those results to the images obtained from the
high-resolution transmission electron microscope
(HR-TEM). According to the observations of Y.G.
Sun et al.,[6] the oxidation of Fe NPs followed the typical
mechanism of vacancies formation and their coalescence
into a void located at the center of nanoparticle.

Even if the oxidation of Fe and Ni nanomaterials is
very interesting strategy to produce their hollow coun-
terparts, most of recently published scientific works in
this topic deal with their simplest form of nanomaterials,
i.e., single metallic nanoparticles. To best of our
knowledge, no paper describing the Kirkendall oxida-
tion of the one-dimensional (1D) iron-nickel bimetallic
nanostructures has been found, whereas only few papers
about the impact of Kirkendall effect on thermally
oxidized 1D Fe or Ni nanomaterials have been pub-
lished so far.[18–22] This is mainly associated with the fact
that it is difficult to control the final dimensions and
morphologies of the more complexed nanostructures
during their synthesis.[22] Nevertheless, some research
group took an advantage of template-assisted methods
and they investigated the influence of the nanoscale
Kirkendall effect on the Fe and Ni wire-like nanostruc-
tures. The general conclusion coming from their works
is that the total oxidation of metallic nanowires leads to
the formation of metal oxide nanotubes. However, it has
been also noticed that by playing the nanostructure sizes
and process temperatures, it is possible to form the
various segmented nanostructures, in particular, for the
oxidation of Ni nanowires.[19–21]

As stated before, no publication associated with the
impact of the thermal treatment on the 1D Fe-Ni
nanostructures, which might be important material for
sensors, catalysis, and microwave shielding absor-
bers,[23–26] has been published so far. Therefore, this
work presents for the first time how the oxidation of
iron-nickel nanochains at 400 �C and 500 �C influences
their chemical compositions as well as their structural,
morphological and magnetic properties. Moreover, the
results discussed in this paper can be considered as an
important source of information for the future applica-
tion of the thermally treated Fe-Ni nanochains in the
sector of energy storage or catalysis.

II. EXPERIMENTAL

A. Fabrication of Iron-Nickel Wire-Like Nanostructures

The Fe1�xNix (x = 0.75; 0.50; 0.25) wire-like
nanochains were synthetized using so-called wet chem-
istry method which was proposed in one of our previous
reports describing the MFI co-reduction reaction.[27] In
typical synthesis, the proper amounts of iron(II) chlo-
ride hydrate (FeCl2ÆxH2O; 98 pct, Carl Roth GmbH)
and nickel(II) chloride hexahydrate (NiCl2Æ6H2O; 97
pct, Carl Roth GmbH) were dissolved in 300 ml of
deionized water. These mixtures served as the reaction
precursors. In turn, 1.4 g of sodium borohydride
(NaBH4; 97 pct, Carl Roth GmbH) dissolved in 175
ml of deionized water was used as a reducing agent and
was dropped to the previously prepared precursor
solutions. The process was carried out in the inert argon
gas (> 99 pct, BialGaz Company) providing the inert
atmosphere as well as stirring of reaction solution and
also in the average external magnetic field of about 0.05
T induced by two parallel neodymium magnets.
The as-prepared nanomaterials were rinsed three

times with ethanol (99.8 pct, Avantor (POCH)) and
then three times with acetone (99.5 pct, Carl Roth
GmbH) in order to separate the pure powder products
from other by-products. After that, they were dried at
50 �C in a vacuum for 2 hours. Such obtained Fe-Ni
nanochains with various iron-to-nickel compositions
acted as the initial materials for thermal oxidation
investigations.

B. Thermal Oxidation of Iron-Nickel Wire-Like
Nanostructures

The initially obtained Fe-Ni nanochains with various
iron-to-nickel compositions were subjected to a thermal
oxidation processing which was performed in a tubular
furnace. In general, each sample was separately heated
in dry air at two different temperatures, i.e., at 400 �C
and 500 �C for 0.5 hours. The process was carried out
from room temperature with heating rate of 10 �C per
minute. Then, the sample was gently cooling down to
room temperature. At this point, it should be mentioned
that these two temperatures have been chosen because
of two factors, i.e., (i) they are not too high to sinter the
Fe-Ni nanochains, and (ii) this temperature range is
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crucial for the formation of various oxides, in particular,
iron oxides.[28]

In order to facilitate the sample nomenclature, the
Fe0.75Ni0.25, Fe0.50Ni0.50, and Fe0.25Ni0.75 nanochains
treated at 400 �C and 500 �C are designated as
Fe0.75Ni0.25 400 �C, Fe0.75Ni0.25 500 �C, Fe0.50Ni0.50
400 �C, Fe0.50Ni0.50 500 �C, Fe0.25Ni0.75 400 �C, and
Fe0.25Ni0.75 500 �C.

C. Characterization of Wire-Like Nanostructures

The morphologies and structural properties of ini-
tially obtained and thermally treated Fe-Ni nanostruc-
tures were determined with a Zeiss Crossbeam 350
scanning electron microscope (SEM) equipped with an
EDAX Elite Plus energy-dispersive X-ray spectrometer
(EDS), a JEOL – JEM 1011 transmission electron
microscope (TEM) and a JEOL JEM 2100 FEG
transmission electron microscope (TEM) equipped with
an Oxford EDS and a Gatan Image Filter (GIF,
Tridiem 863 linked with electron energy loss spectrom-
eter (EELS) function), a Phillips X’Pert Diffractometer
(XRD) equipped with a Cu X-ray lamp, and a Renishaw
inVia confocal Raman spectrometer (RS) equipped with
a charge-coupled device camera and a Nd-YAG laser (k
= 532 nm) of continuous wave excitation. The suscep-
tibility to oxidation of the as-prepared Fe-Ni samples
was examined with a thermogravimetric analysis (TGA)
technique performed with a Mettler Toledo TGA/
DSC3+ analyzer. Moreover, these investigations were
carried in dry air purged with 30 mL min�1 of argon and
in the temperature range between 30 �C and 1000 �C
with heating rate 10 deg per minute. In turn, the
magnetic properties of initially formed as well as
thermally treated nanochains were analyzed at room
temperature with a Quantum Design Physical Property
Measurement System equipped with a VSM option.

III. RESULTS AND DISCUSSION

The morphologies of as-prepared as well as thermally
treated iron-nickel nanomaterials have been observed
with SEM, and the collected images are shown in
Figure 1. According to the presented results, the as-pre-
pared Fe-Ni nanostructures with all investigated chem-
ical compositions look like long straight wires, whereas
analyzing the SEM images of the thermally treated
samples it is hardly difficult to observe whether they
reveal the wire-like structures. Their morphologies vary
depending on their initial chemical composition and the
applied temperature during oxidation processing. This,
indeed, proves that their morphologies evolve with
increasing temperatures. Moreover, it is evident that the
Fe0.75Ni0.25 and Fe0.50Ni0.50 nanochains treated at
500 �C are charged (cf. Figures 1(g) and (h)). This
indicates that the surfaces of these samples are com-
posed of less conductive material than other samples.

The chemical composition of the as-prepared Fe-Ni
samples was studied with the EDS technique in parallel
to the SEM measurements. The obtained results are
placed in Table I. In general, the areal EDS data have

been collected from the investigated materials sticked to
a carbon tape covering an aluminum holder. This has
caused that each sample reveals the quite intense signal
related to carbon. Moreover, the elemental contribution
associated with boron and oxygen in the samples may be
disturbed by the carbon tape. Nevertheless, the obtained
EDS results measured for the as-prepared Fe-Ni sam-
ples indicate that they are partially contaminated by the
compounds containing boron and sodium. They might
be the unreacted NaBH4 taken to the synthesis or
by-products of process, for instance, B(OH)3. Also, it
cannot be excluded that some of boron form the borides
with the iron, nickel or both these elements. Such
observations have been already reported for the Ni
nanoparticles[29] as well as the Fe nanoparticles.[30] The
EDS investigations show that the as-prepared Fe-Ni
nanochains can be partly oxidized due to the presence of
oxygen whose content is higher than the previously
recalled boron, sodium and carbon. At the same time,
the EDS data confirm that the purification process has
led to the complete removal of chloride ions from the
samples. Finally, it should be noted that the actual share
between Fe and Ni atoms in the as-prepared Fe-Ni
nanochains corresponds well to the composition of
initial ion precursors taken to the MFI synthesis.
In order to precisely determine the characteristic

morphological and structural features of as-prepared
and thermally treated samples, the TEM measurements
have been performed and the obtained results are shown
in Figure 2. Analyzing the collected images, one can see
that all as-prepared Fe-Ni nanochains are very similar in
terms of their building. Namely, they are composed of
nanoparticles which are aligned in the nearly straight
lines. Moreover, each sample reveals so-called core-shell
structure in which a dark core region and a thin
light-gray shell layer are clearly perceivable. In general,
the presence of shell layer is associated with an initial
oxidation of material and this is a typical phenomenon
for the nanomaterials consisted of iron and/or nickel
which stay in contact with atmospheric air. The forma-
tion of oxide layer has been confirmed by the EELS
elemental mapping recorded for the single as-prepared
Fe0.50Ni0.50 nanochain (cf. Figure A1). This experiment
clearly indicates that the core of nanochain is filled by a
mixture of Fe and Ni, whereas the shell contains a
significant amount of oxygen. Moreover, the presented
EELS data prove that the shell layer is quite homoge-
neous and adheres well to the material core. Its thickness
measured for all as-prepared Fe-Ni nanochains does not
exceed 4 nm which is a typical value for iron and nickel
nanoparticles.[15,29–32] In turn, the TEM images of the
thermally treated Fe-Ni nanochains indicate that these
samples still reveal the wire-like structures which has
been difficult to observe with SEM. It is also clearly
visible that their morphologies depend on their initial
chemical composition, their purity, and the applied
temperature during oxidation processing. For instance,
in the case of Fe0.75Ni0.25 chains the oxidation at 400 �C
causes irregular thickening of oxide shell and simulta-
neous decreasing of core amount. In turn, the increase in
temperature to 500 �C leads to a roughening of surface
layer due to the formation of nanoparticles as well as to
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a formation of hollow spaces inside the structure (cf.
Figure A2(a)). For the sample with Fe0.50Ni0.50 compo-
sition, the growth of nanoparticles on the surface layer
begins with a thickening of oxide shell at lower
temperature, i.e., 400 �C, whereas the treatment at
500 �C causes a formation of more nanoparticles as
well as a roughening of previously and newly formed
nanoparticles. At the same time, a lot of empty spaces
are formed in the interior structure of Fe0.50Ni0.50 chains
(cf. Figure A2(b)). It is also interesting that the
nanoparticles forming on the Fe0.75Ni0.25 and
Fe0.50Ni0.50 samples tend to grow on their initial oxide
layers (cf. Figure A2(c)). This again confirms that the
initial shells adhere well to the material cores. In
comparison with two samples discussed before, the
sample with Fe0.25Ni0.75 composition behaves in differ-
ent manner during oxidation process. Namely, the
treatment at 400 �C causes the transformation of initial
oxide shell into a kind of oxide sheets covering the core,
whereas the increase in temperature to 500 �C seems not
to change the morphology obtained at 400 �C. This
observation might be related to the contamination of the
Fe0.25Ni0.75 nanochains which has been proven in the
previously discussed EDS results. Besides that, it is
worth adding that only this sample does not reveal the
presence of hollows which frequently appear at elevated

temperatures and are associated the nanoscale Kirk-
endall effect.[3–8,10,11,14] Therefore, it is assumed that
among the investigated Fe-Ni nanochains the nanoma-
terial with Fe0.25Ni0.75 composition is the most resis-
tance against oxidation at temperatures up to 500 �C.
As stated above, the TEM measurements indicate that

the thermally treated Fe-Ni samples possess very devel-
oped surface area covered by either nanoparticles or
nanosheets. This, in turn, hinders the characterization of
their morphological features using the SEM technique,
in particular, when the chains lay close each other.
Moreover, the TEM observations show that the as-pre-
pared Fe-Ni nanochains are very irregular in terms of
their diameters because they are composed of nanopar-
ticles with various diameters ranging from 20 to 140 nm.
This causes that even diameter of a single chain may
vary. Taking into account this specific feature of
material, we do not provide in our work the precise
values of diameters for as-prepared as well as thermally
treated Fe-Ni nanochains. Nevertheless, it is worth
noting that the mean diameters for Fe0.75Ni0.25 and
Fe0.50Ni0.50 samples are more or less similar, whereas the
average diameter for Fe0.25Ni0.75 nanochains is about 10
nm lower than that for Fe0.75Ni0.25 and Fe0.50Ni0.50
nanostructures. In turn, the average diameter of
nanoparticles grown on the Fe0.75Ni0.25 as well as

Fig. 1—SEM images of as-prepared (a) Fe0.75Ni0.25, (b) Fe0.50Ni0.50, (c) Fe0.25Ni0.75 nanochains as well as thermally treated (d) Fe0.75Ni0.25, (e)
Fe0.50Ni0.50, (f) Fe0.25Ni0.75 nanochains at 400 �C, and (g) Fe0.75Ni0.25, (h) Fe0.50Ni0.50, (i) Fe0.25Ni0.75 nanochains at 500 �C; the scale bar shown
in the image of (i) is also valid for other images.
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Table I. Weight and Atomic Percentage of Elements Forming the As-Prepared Fe0.75Ni0.25, Fe0.50Ni0.50, Fe0.25Ni0.75 Nanochains,

and Carbon Type Determined With EDS Technique

Element Percentage Fe0.75Ni0.25 Fe0.50Ni0.50 Fe0.25Ni0.75 Carbon Tape

B weight 3.23 1.92 4.33 0.30
atomic 8.99 7.03 13.43 0.30

C weight 8.18 1.42 5.65 94.60
atomic 20.40 4.69 15.76 95.80

O weight 15.96 9.31 9.58 5.10
atomic 29.80 23.75 20.10 3.80

Na weight 2.83 1.82 4.33 —
atomic 3.74 3.26 6.36 —

Fe weight 54.44 48.18 17.14 —
atomic 29.19 35.27 10.40 —

Ni weight 15.35 37.35 58.97 —
atomic 7.88 25.99 33.94 —

Fe normalized weight* 78.00 56.33 22.52 —
normalized atomic* 78.75 57.57 23.46 —

Ni normalized weight* 22.00 43.67 77.48 —
normalized atomic* 21.25 42.43 76.54 —

* The values of normalized weight and atomic percentage of Fe and Ni elements were determined considering the EDS signal associated with them
and avoiding the signal of other elements.

Fig. 2—TEM images of as-prepared (a) Fe0.75Ni0.25, (b) Fe0.50Ni0.50, (c) Fe0.25Ni0.75 nanochains as well as thermally treated (d) Fe0.75Ni0.25, (e)
Fe0.50Ni0.50, (f) Fe0.25Ni0.75 nanochains at 400 �C, and (g) Fe0.75Ni0.25, (h) Fe0.50Ni0.50, (i) Fe0.25Ni0.75 nanochains at 500 �C.
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Fe0.50Ni0.50 nanochains during the oxidation at 500 �C
is quite uniform and they equal about 24 nm. It is also
observed that the thermal treatment does not influence
the lengths of Fe-Ni nanochains.

The structural transformations occurring in the Fe-Ni
nanochains during the thermal oxidation have been
monitored with two complementary techniques, i.e.,
XRD and RS, and the obtained results are shown in
Figure 3 and Figure 4, respectively. At this point, it
should be stated that the angle positions of XRD
patterns have been matched with the phases presented in
the oxidized Fe-Ni nanochains based on the JCPDS
database. The presence of bcc Fe-Ni, fcc Fe-Ni,
NiFe2O4 (nickel ferrite), Fe3O4 (magnetite), a-Fe2O3

(hematite), and Ni3B (nickel boride) has been deter-
mined according to the following JCPDS card 37-0474,
47-1417, 82-8103, 87-2334, 87-1166, and 82-1699,
respectively. In turn, the positions of characteristic
bands and corresponding vibrational modes for oxides
presented in the oxidized Fe-Ni nanochains have been
identified based on literature and they are collected in
Table II.[33–37] Returning to the presented data, one can
see that all as-prepared Fe-Ni nanochains reveal amor-
phous character because only two weak and broad
diffraction peaks are visible in their XRD spectra. More
detailed analysis confirming this assumption has been
previously discussed.[27] In turn, the thermal treatment
at 400 �C and 500 �C is associated with two competing
processes, i.e., (i) a conversion of amorphous material
into crystalline material, and (ii) its oxidation. It is well
known that various amorphous inorganic materials are
frequently subjected to the thermal treatment in order to
improve their crystallinity.[1,22,33,38,40] At the same time,
the iron-containing materials suffer from the oxidation
because iron as the element tends to be imminently
bound with oxygen coming from the atmosphere even at
room temperature.[7,13–16,28,32] Thus, it is clear that the
susceptibility to oxidation of the investigated Fe-Ni
nanochains is linked with the amount of iron inside
them and detailed analysis of the obtained XRD and RS
data confirms this assumption. Namely, in the case of
the Fe0.75Ni0.25 chains the thermal treatment at 400 �C
causes their crystallization in a form of bcc Fe-Ni as well

as their advanced oxidation. In general, the presence of
a mixture of NiFe2O4, Fe3O4, and a-Fe2O3 has been
detected with both XRD and RS techniques. Neverthe-
less, the peak intensities of XRD for Fe-Ni alloy are
much higher than that referred to oxides. This indicates
that the thermal treatment at 400 �C is not sufficient to
oxidize whole nanomaterial. Moreover, the characteris-
tic Raman bands associated with abovementioned
oxides are not well developed at this temperature
because they are quite broad and low intense. In turn,
the thermal processing at 500 �C of the Fe0.75Ni0.25
chains leads to their significant oxidation. This is related
to the fact that the intensities of the XRD peaks
corresponding to bcc Fe-Ni are greatly weaker than that
of oxides. Besides that, they are not easily seen because
they hide in the arms of oxides peaks causing their
broadening. Comparing the XRD and Raman measure-
ments for the Fe0.75Ni0.25 500 �C, it is evident that the
dominant oxide phase in this sample is hematite but two
other phases related to NiFe2O4 and Fe3O4 are also
present but their share is greatly lower than that of
a-Fe2O3. Considering the oxidation of the Fe0.50Ni0.50
sample, one can see that among two competing pro-
cesses the conversion of amorphous Fe0.50Ni0.50 phase
into crystalline one slightly prevails over the oxidation
of this material. This observation is due to two facts,
namely: (i) the XRD peaks for oxides are much less
intense than those related to the Fe-Ni phase, and (ii)
the RS spectra of the oxidized Fe0.50Ni0.50 samples are
much noisier than that recorded for the oxidized
Fe0.75Ni0.25 chains. It should be also pointed out that
in a contrary to the Fe0.75Ni0.25 sample the amorphous
Fe0.50Ni0.50 chains convert into fcc Fe-Ni phase under
the thermal processing and the XRD peaks referred to
this phase are well visible for sample oxidized at 400 �C
as well as 500 �C. Furthermore, the thermal treatment
of the Fe0.50Ni0.50 chains at 400 �C results in the
formation of a mixture of NiFe2O4 and Fe3O4, whereas
the process at 500 �C additionally causes the partial
conversion of Fe3O4 into a-Fe2O3. However, the level of
magnetite oxidation is not too high. This observation, in
fact, can be explained by the Raman spectrum of
Fe0.50Ni0.50 500 �C which does not reveal well-developed

Fig. 3—XRD patterns of as-prepared and thermally treated (a) Fe0.75Ni0.25, (b) Fe0.50Ni0.50, (c) Fe0.25Ni0.75 nanochains.
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characteristic bands typically located at 226, 245, 292,
407, and 613 cm�1. Finally, the Fe0.25Ni0.75 sample
seems to be the most resistant for oxidation at 400 �C
and 500 �C among all investigated Fe-Ni chains. This is
associated with two interrelated facts. The first one has
been pointed out before, and it is linked with that the
surface of this sample is well covered by oxide
nanosheets which constitute better barrier against oxi-
dation than oxide nanoparticles formed in the case of
Fe0.75Ni0.25 and Fe0.50Ni0.50 chains. In turn, the second
reason is directly related to the structural properties.
Namely, it should be noticed that the XRD pattern of
the Fe0.25Ni0.75 400 �C reveals some weak peaks visible
at the 2h position ranging between 40 and 50 deg. In
fact, these XRD peaks have not been observed in any of
previously discussed samples. Their origin is associated
with the presence of Ni3B phase which is frequently
formed during the synthesis of nickel compounds in the
reduction reaction with a reducing agent containing
BH4

� ions.[41–43] Also, it has been already proven that the
Ni3B is more resistant against oxidation than a pure
metallic material.[42] Therefore, it might be that the
presence of Ni3B phase in the Fe0.25Ni0.75 sample treated
at 400 �C hinders its thermal oxidation. At this point, it
should be explained that no bands apart from those for
nickel ferrite and magnetite are found during the RS
measurements because this method mainly collects
signal from sample surface, whereas the Ni3B phase is
rather presented in the core of Fe0.25Ni0.75 chains. This
agrees well with the highest amount of boron detected
during the EDS measurement among all as-prepared
samples. It is also interesting that the XRD peaks
referred to the Ni3B phase seem to disappear for the
Fe0.25Ni0.75 500 �C. This observation, indeed, is in a
good agreement with the previously reported

crystallization of the Ni3B nanoparticles in which the
thermal annealing at about 450 �C has resulted in the
formation of boron-containing nickel nanoparti-
cles.[41–43] Further analysis of the XRD results indicates
that the thermally treated Fe0.25Ni0.75 chains convert
into fcc Fe-Ni phase similarly like the Fe0.50Ni0.50
sample. They are also slightly oxidized because the
weak signal coming from a mixture of NiFe2O4 and
Fe3O4 is detected for the Fe0.25Ni0.75 chains treated at
400 �C and 500 �C with both XRD and RS techniques.
Nevertheless, it is important to point out that the
relative XRD and RS intensities referred to oxides are a
bit higher for the Fe0.25Ni0.75 500 �C.
In order to clarify the different resistance against

oxidation of the as-prepared Fe-Ni chains, the thermo-
gravimetric analysis (TGA) measurements have been
performed in dry air purged with 30 mL min�1 of argon
and the obtained results are shown in Figure 5. The
solid lines in this figure represent the data collected up to
500 �C, whereas the dashed lines above 500 �C. Ana-
lyzing them, one can see that the mass of all as-prepared
Fe-Ni samples slightly fades up to about 150 �C due to
the desorption of moisture and then increases due to the
reaction with oxygen coming from experimental envi-
ronment. The oxidation of the Fe0.75Ni0.25 and
Fe0.50Ni0.50 chains begins at around 200 �C. Neverthe-
less, it should be noted that this process is much more
intense and faster for the Fe0.75Ni0.25 sample. In
addition, the shape of the TGA curve recorded for this
sample suggests that it is fully oxidized at temperature of
600 �C, whereas the oxidation of the Fe0.50Ni0.50 chains
is not completed even at 1000 �C. In turn, the oxidation
of the Fe0.25Ni0.75 sample initiates at 400 �C and
similarly to the Fe0.50Ni0.50 chains this process is not
finished at 1000 �C. Regardless of the heating

Fig. 4—Raman spectra of as-prepared and thermally treated (a) Fe0.75Ni0.25, (b) Fe0.50Ni0.50, (c) Fe0.25Ni0.75 nanochains.

Table II. Characteristic Raman Bands and Corresponding Vibrational Modes for Oxides Presented in the Oxidized Fe-Ni

Nanochains

Oxide Raman Vibrational Modes (Wavenumbers)

NiFe2O4 Eg (332 cm�1); T2g (475 cm�1); T2g (563 cm�1); A1g (695 cm�1)
Fe3O4 T2g (532 cm�1); A1g (662 cm�1)
a-Fe2O3 A1g (226 cm�1); Eg (245 cm�1); Eg (292 cm�1); Eg (407 cm�1); A1g

(499 cm�1); Eg (613 cm�1); 2LO (1315 cm�1)
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temperature, the highest gain of mass is observed for the
Fe0.75Ni0.25 chains and it equals 13, 22, and 31 pct of the
initial mass at 400 �C, 500 �C, and 1000 �C, respec-
tively. Considering the Fe0.50Ni0.50 sample, the increase
in weight equals 2, 7, and 18 pct with regard to the initial
mass measured at 400, 500, and 1000 �C, respectively.
The lowest gain of mass is found for the sample with
Fe0.25Ni0.75 composition and it reaches 3 and 14 pct at
500 and 1000 �C, respectively. The above-presented
TGA data supplement well the structural investigations
discussed before and confirm the previous assumption
that the more iron inside in the as-prepared Fe-Ni
nanochains the more susceptible to thermal oxidation
they are.

The magnetic hysteresis curves of as-prepared and
thermally treated Fe-Ni chains have been recorded at
room temperature, and they are shown in Figure 6.
Analyzing them, one can see that all investigated
samples reveal the ferromagnetic character. It is also
evident that the thermal treatment of the Fe-Ni chains

almost does not affect their coercivities (HC) because
only small changes of this magnetic parameter are
observed. In turn, the thermal processing significantly
influences the saturation magnetizations (MS) of the
investigated samples. At this point, it is important to
add that the MS values were estimated by fitting the
high-field part of the measured magnetization curves to
the following formula:

M Bð Þ ¼ MS 1� a=B� b=B2
� �

½1�

where B is the applied magnetic field, and a and b are
constants. In general, it is found that the MS of
as-prepared Fe-Ni chains decreases with an increase in
Ni content and this observation can be referred to the
fact that Ni atoms possess lower magnetic moment than
Fe atoms.[27,44] Moreover, this observation is in agree-
ment with the Slater-Pauling curve.[45] The recorded value
of MS for the as-prepared Fe0.75Ni0.25, Fe0.75Ni0.25, and
Fe0.75Ni0.25 chains equals about 86, 61, and 10 Am2 kg�1,
respectively. These values are, indeed, greatly lower than
the highest reported MS measured at room temperature
for Fe-Ni nanomaterials which may reach even more
than 135 Am2 kg�1.[46–49] However, it is crucial that the
as-prepared Fe-Ni chains investigated in this work are
amorphous and partially contaminated as the EDS
measurements suggest, whereas the highest observed MS

has been found for the well-crystalline pure Fe0.50Ni0.50
nanoparticles. This might cause such a big difference in
theMS values. Considering theMS evolution of thermally
treated Fe-Ni chains, two trends are clearly distinguish-
able. The first one concerns the Fe0.75Ni0.25 and
Fe0.50Ni0.50 samples whose MS gradually decreases with
rising temperature. In turn, the second trend is associated
with the Fe0.25Ni0.75 chains whose MS significantly
increases at 400 �C over the value measured for as-pre-
pared sample and then it slightly decreases at 500 �C. At
this point, it should underline that these two MS trends
are in a good agreement with the previously discussed
morphological and structural changes caused by the
thermal oxidation processing and the amount of iron
atoms inside the Fe-Ni chains. Namely, according to
XRD and RS results, the treatment of the Fe0.75Ni0.25 at

Fig. 5—Thermogravimetric curves of (a) Fe0.75Ni0.25, (b) Fe0.50Ni0.50,
(c) Fe0.25Ni0.75 nanochains. The solid lines indicate the trend up to
500 �C, whereas the dashed lines above 500 �C.

Fig. 6—Room temperature magnetic hysteresis loops of as-prepared and thermally treated (a) Fe0.75Ni0.25, (b) Fe0.50Ni0.50, (c) Fe0.25Ni0.75
nanochains.
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400 �C results in their oxidation and this causes the
formation of NiFe2O4 (56 Am2 kg�1[49]), Fe3O4 (92 Am2

kg�1[28]), and a-Fe2O3 (0.3 Am2 kg�1[28]). The presence of
these oxides, in particular substantial quantity of
a-Fe2O3, leads to the decrease of MS of whole material.
Further treatment of the Fe0.75Ni0.25 chains at 500 �C
causes that the amount of a-Fe2O3 increases and at the
same time the MS of Fe0.75Ni0.25 500 �C falls down to 6
Am2 kg�1. Similar oxidation trend like for the Fe0.75Ni0.25
sample is observed for the Fe0.50Ni0.50 chains. Neverthe-
less, the presence of higher amount of nickel in thematerial
partially inhibits the formation of a-Fe2O3 at 400 aswell as
500 �C and the following MS decreases. Taking into
account the as-prepared Fe0.25Ni0.75 chains, their MS is
the lowest among all as-prepared Fe-Ni samples investi-
gated in this work. This is associated with two factors. The
first one has been already mentioned before and concerns
the Ni content in the sample. The second is related to the
fact that the Fe0.25Ni0.75 nanochains contain the high
amount of non-magnetic impurities. In turn, the oxidation
of this sample is hindered due to the formation of
well-covering oxide nanosheets as well as the presence of
Ni3B phase. Therefore, the oxidation of this sample at
400 �C isweaker than the competing conversion process of
amorphousmaterial into crystallinematerial. This, indeed,
causes that the MS values measured for the Fe0.25Ni0.75
400 �C (46 Am2 kg�1) and Fe0.25Ni0.75 500 �C (34 Am2

kg�1) are much higher than the as-prepared amorphous
sample (10Am2 kg�1). At this point, it is important to note
that the lower MS value found for the sample treated at
500 �Cmight be associated with the continuous growth of
oxide nanosheetswhose impact becomes higher than in the
case of the Fe0.25Ni0.75 400 �C. Nevertheless, it should be
noticed that theMS for the Fe0.25Ni0.75 treated at 500 �C is
the highest among other samples treated at this tempera-
ture mainly due to the lack of a-Fe2O3 formation.

IV. CONCLUSIONS

The comprehensive studies describing the thermal oxida-
tion at 400 �C and 500 �C in dry air of the amorphous
Fe-Ni wire-like nanochains with various iron-to-nickel
compositions, which are produced in the magnetic-field-in-
duced synthesis, are presented in this work. It is noticed that
the heating treatment can lead either a conversion of
amorphous material into crystalline material or its oxida-
tion. However, the feature that mainly determines which of
the abovementioned processes prevails and how the mor-
phological, structural and magnetic properties in the
investigated Fe-Ni nanochains evolve is the amount of iron
in the sample as well as the presence of impurities in the
as-prepared nanostructures. Hence, it is found that the
samples with the higher content of iron, i.e., the Fe0.75Ni0.25
and Fe0.50Ni0.50 nanochains, aremore sensitive to oxidation
than the Fe0.25Ni0.75 material. According to the morpho-
logical and structural investigations, the thermally treated
Fe0.75Ni0.25 and Fe0.50Ni0.50 nanochains tend to be covered
by the nanoparticle oxides, whereas the oxide nanosheets
grow on the Fe0.25Ni0.75 sample. This kind of coverage
constitutes a better barrier against oxidation. Moreover,

the only nanochains which contain the oxidation-resis-
tance Ni3B phase active up to about 450 �C are those
with the Fe0.25Ni0.75 composition. In this work, it is also
shown that the specific morphologies and structures of
the Fe-Ni nanochains influence their saturation magne-
tizations, whereas their coercivities do not vary signifi-
cantly. The highest MS value among all thermally
treated samples at 400 �C as well as 500 �C exhibits
the Fe0.25Ni0.75 chains in which the conversion of
amorphous material into crystalline material dominates
over their oxidation. This confirms that the magnetic
studies stay in a good agreement with the morphological
and structural investigations. Finally, it should be
underlined that our findings can be considered as an
important source of information for the future applica-
tion of the thermally treated Fe-Ni nanochains in the
sector of energy storage or catalysis.
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Fig. A1—EELS elemental mapping of a single Fe0.50Ni0.50 nanochain.

Fig. A2—TEM images of (a) Fe0.75Ni0.25 and (b) Fe0.50Ni0.50
nanochains thermally treated at 500 �C. (c) TEM image of
Fe0.50Ni0.50 nanochains thermally treated at 400 �C showing the
growth of nanoparticles on the initial shell.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 52A, AUGUST 2021—3539
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