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HIGHLIGHTS

e Formation of amorphous wire-like nanomaterials via magnetic-field-induced synthesis.

o Synthesis procedures of Fe-Ni wire-like nanostructures are provided.

o Fe-Ni wire-like materials consist of nanoparticles and reveal core-shell structures.

o Investigated wire-like nanochains are ferromagnetic nanoalloys.
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Manufacturing process of wire-like binary or ternary metal nanoalloys applying the magnetic-field-induced (MFI)
synthesis is still a challenging task. Hence, this work demonstrates for the first time how to produce the iron-
nickel wire-like nanostructures with Fe(.75Nig 25, Feg.5Nig5 and Feg.o5Nig 75 compositions. In a contrary to the
previously reported synthesis of the Fe-Ni wire-like nanomaterials, this process has been carried out at room
temperature without employment of templates, surfactants, organic solvents, and other chemical additives. The

as-prepared samples exhibit specific structures with the amorphous bimetallic alloy cores covered by thin
amorphous oxide shells. Moreover, they are composed of nanoparticles which are aligned in nearly linear chains.
The Fe-Ni samples are ferromagnetic materials. Their coercivity values and saturation magnetizations depend on
chemical compositions and dimensions of the investigated chains. The highest saturation magnetization and the
lowest coercivity is found for the material with the lowest content of nickel and vice versa.

1. Introduction

One-dimensional (1D) nanostructures such as chains, rods, tubes,
fibers, and wires are one of the most frequently studied nanomaterials
[1,2]. This is associated with the fact that they offer unique chemical,
physical as well as mechanical properties in a comparison with their
bulk counterparts [3]. Besides that, their properties can be
easily-controlled by changing their length to diameter ratios i.e. aspect
ratios [4]. All these features cause that 1D nanomaterials are often
considered as an important building block of numerous applications,
such as: energy storage and conversion devices, catalysts, sensors, etc.
[5-71.
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Various synthesis procedures leading to the wire-like nanostructures
formation have been proposed so far [2-4]. Among them, the relatively
new concept gains more and more attention in the scientific community
which is associated with the usage of an external magnetic field as a
synthesis parameter. This approach is commonly called as the
magnetic-field-assisted (MFA) or magnetic-field-induced (MFI) synthe-
sis and allows manufacturing a large amount of long wire-like nano-
objects during a single run of synthesis. Nevertheless, due to the
unpredictable growth of either binary or ternary wire-like metal nano-
structures, one of unexplored areas related to the MFI synthesis remains
their cheap and high-yield production [2]. As far as we know, only few
publications have appeared which demonstrate the application of MFI
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thermal decomposition [8] as well as MFI solvothermal and chemical
reduction as processes leading to obtain binary metal nanowires [9-13].
This indicates clearly that the use of MFI synthesis to produce binary
metal wire-like nanomaterials constitutes still a challenging task.

Among the binary metal nanostructures, the ferromagnetic iron
nickel (Fe-Ni) alloy is very interesting due to its practical application in
catalysis, electromagnetic shielding, microwave-absorbents and mag-
netic field sensors [14-17]. It is also known that by changing the
iron-to-nickel composition in alloy it is possible to adjust its properties
[17-20]. Nevertheless, no research report, which describes the possible
MEFI synthesis of the FexNi;_x nanoalloy (x = 0.25 or 0.50 or 0.75) in
details, has been published so far. Therefore, this work aims to develop
the current knowledge in this field and demonstrates for the first time
the novel procedures leading to the formation of the Fe-Ni wire-like
nanostructures containing various iron-to-nickel ratios.

2. Experimental
2.1. Fabrication of iron-nickel wire-like nanostructures

Iron-nickel wire-like nanostructures were manufactured by
combining two well-known processes, namely, i) the magnetic-field-
induced chemical reduction which allows producing iron nanowires
[21,22], and ii) the chemical reduction of iron and nickel ions with
sodium borohydride [19]. In order to produce the nanomaterials with
the Fe.75Nig 25, Feg.sNig 5 and Feg.o5Nig 75 compositions, three precur-
sor solutions were prepared by dissolution of 1.315 g, 0.865 g, 0.427 g of
iron(II) chloride hydrate (FeCly-xH50; 98%, Carl Roth GmbH) and
0.524 g, 1.035 g, 1.532 g of nickel(I) chloride hexahydrate
(NiCly-6H20; 97%, Carl Roth GmbH), respectively, in 300 ml of deion-
ized water. Then, each mixture was placed in a separate glass reactor
covered with a three-neck cap. One side neck was used as an inlet of
inert gas (argon; >99%, BialGaz Company), whereas the second one
constituted a gas outlet. The middle neck was connected with a dropping
funnel where 1.4 g of sodium borohydride (NaBH4; 97%, Carl Roth
GmbH) dissolved in 175 ml of deionized water was placed. The inert gas
was bubbling through the solution during the whole reaction as well as
for about 5 min after adding the last drop of NaBH4. This allowed
purging out the dissolved oxygen as well as provided stirring of the
precursor solutions. Moreover, the reaction was performed in the
average external magnetic field of about 0.05 T which was generated by
two parallel neodymium magnets. The addition of reducing agent into
the precursor solution caused the discoloration of initial solution and at
the same time the formation of black precipitations floating perpen-
dicularly to the reactor walls. These black powders were formed ac-
cording to the following chemical equation:

x FeCly + (1—x) NiCl, + 2 NaBH4 + 6 H,O — Fe,Ni;_, | + 2 H3BO3 + 2
NaCl + 7 H; 1 (@]

where x is 0.75, 0.5 or 0.25.

The obtained materials were washed three times with ethanol
(99.8%, Avantor (POCH)) and three times with acetone (99.5%, Carl
Roth GmbH) in order to remove the reaction by-products. Afterwards,
they were dried in a vacuum oven at 50 °C for 2 h.

2.2. Characterization of wire-like nanostructures

The morphology of investigated nanostructures was determined with
a Zeiss Sigma scanning electron microscope (SEM) and a JEOL — JEM
1011 transmission electron microscope (TEM). The chemical composi-
tion was examined using a Bruker XFlash 6|10 energy dispersive X-ray
spectrometer (EDS), a JOEL EDS JSM-6010LA (EDS), and a Malvern
Panalytical Epsilon 3XLE energy dispersive X-ray fluorescence (EDXRF)
spectrometer. The X-ray diffraction (XRD) measurements were carried
out on a Phillips X’Pert Diffractometer equipped with a Cu X-ray lamp

Materials Chemistry and Physics 246 (2020) 122812

and a parallel beam Bragg reflection mirror. The magnetic properties
were determined at room temperature by means of an Oxford In-
struments Ltd. vibrating sample magnetometer (VSM). At this point, it
should be noted that the orientations of the investigated chains were
random in respect to the external magnetic field during the magnetic
measurements.

3. Results and discussion

The morphologies of as-prepared iron-nickel nanomaterials are
determined based on the results shown in Fig. 1. In a contrary to the
previously reported synthesis of the Fe-Ni nanoparticles [19], the
application of the external magnetic field during the manufacturing
process causes the formation of nanostructures which exhibit a specific
construction. Namely, they are characterized by a segmented structure
in which each section is built of a single nanoparticle. Furthermore,
these nanoparticles are aligned in long chains which are almost straight.
Therefore, the obtained samples can be referred as wire-like nano-
structures. According to the presented SEM images, the diameters of
nanoparticles forming all as-prepared samples range between 20 and
130 nm, whereas their average values are 68 nm, 71 nm and 49 nm for
Feg.75Nig.25, Feg.sNig s and Fe(.o5Nig 75 chains, respectively. In fact, these
mean sizes of diameters are much larger than that for the Fe-Ni nano-
particles obtained in the synthesis without the external magnetic field by
A.P. Douvalis et al. [19]. The longest chains are found for the
Fe.25Nig.75 sample. They can exceed over 3 pm but their average length
is about 2 pm. In turn, the lengths of Fe(.75Nig 25 and Fe(.5Nig 5 wire-like
nanomaterials are more uniformly distributed in a comparison with the
Feg.25Nig.75 chains and they oscillate around 1 pm. In general, at this
moment it is hardly difficult to explain why one Fe-Ni nanoparticles
forming wire-like structures are much smaller than others. Undoubtedly,
this is associated with the growth mechanism which is still not clear for
binary or ternary metal nanoalloys. Nevertheless, our results are in a
good agreement with the observations of M.J. Hu et al. [9] and M.Z. Wu
et al. [10] who have noticed that the diameters and lengths vary for the
wire-like Ni-Co materials with different nickel-to-cobalt ratios prepared
through the MFI solvothermal method. It is also worth noting that the
amount of reactants taken to all performed MFI syntheses is the same.
Assuming that they have been entirely consumed during the reaction, it
is expected that the longest chains should possess the shortest diameters
and vice-versa. This, in fact, is valid for the Fe-Ni wire-like nano-
structures obtained in this work.

The chemical compositions of the Fe-Ni chains are determined using
the EDS and EDXRF techniques and their results are collected in Table 1.
Analyzing the obtained data, one can see that both methods are com-
plementary. They indicate that all of Fe-Ni wire-like nanomaterials are
mainly composed of Fe and Ni atoms and their distributions correspond
well to the composition of initial concentrations of particular ions taken
to the reaction. It is also evident that all of investigated samples contain
a certain amount of oxygen. Undoubtedly, this is associated with the
formation of thin oxide layer on the surface like in many nanomaterials
containing significant amount of iron, nickel and/or cobalt [10,19,22,
23].

The EDS spectra have been collected from five to six randomly
chosen points located in the middle of different chains and then the
average content of iron, nickel and oxygen has been estimated for these
measurements. In turn, the EDXRF experiments have been performed on
few milligrams of each sample. The obtained results from both tech-
niques inform about the average mass percentage of Fe, Ni and other
elements in the investigated Fe-Ni nanochains. Since these measure-
ments cannot provide information whether a single wire-like chain is
composed of iron and nickel in form of alloy-type or core-shell structure,
two other experiments, namely, the line EDS profiles along and across
wire-like chain as well as the TEM measurements have been performed
for a single FeoA75Nio,25, FeoAsNio.s and F60A25Nio.75 chains.

The SEM images and the corresponding line EDS profiles along and
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Fig. 1. SEM images of (a) Feq.75Nig 25, (b) Feo.sNig s and (¢) Feg.25Nig 75 wire-like nanostructures (magnification 100 000 times).

Table 1

Mass share of iron, nickel and oxygen in the Feg.sNipas, Feg.sNigs and
Feg.o5Nig 75 wire-like nanostructures determined with the EDS and EDXRF
techniques.

Feo.7sNig2s ~ FeosNips  Fep.2sNio.7s
EDS Fe [Yomass] 63.36 49.82 25.98
Ni [Yomass] 19.02 41.91 66.70
O [Yomass] 17.62 8.27 7.32
Normalized EDS for Fe [Yomass] 76.84 54.28 27.98
iron and nickel Ni [Ymass] 23.16 45.72 72.02
EDXRF Fe [Yomass] 69.63 49.24 26.87
Ni [Ymass] 20.11 40.95 64.27
other 10.26 9.81 8.86
elements
[Yomass]
Normalized EDXRF Fe [Yomass] 77.59 54.52 29.48
for iron and nickel Ni [%omass] 22.41 45.48 70.52

across a single chain of Fe(.75Nig o5, Feg.sNig 5 and Feg.o5Nig 75 samples
are demonstrated in Fig. 2. Considering the line EDS scans across the
chains (Fig. 2a, 2c and 2e), they have been collected in order to estimate
the oxygen content which is present in the material as well as to elim-
inate the predominant signal originating from a carbon tape. These two
corrections have been very useful in verification of the line EDS scans
along chains. Analyzing the obtained results from both EDS profiles, one
can see that all investigated chains are mainly composed of iron and
nickel. They also contain a small amount of oxygen because the signal
associated with oxygen increases slightly when it is collected on the

chains. The average oxygen content along all single Fe-Ni chains
oscillate around 10%. Studies of the longitudinal EDS profiles indicate
that the mass distribution of iron, nickel and oxygen is quite uniform
along the entire length of all iron-nickel samples. Finally, the iron, nickel
and oxygen contents in the single Fe(.75Nig 25, Feq.5sNig 5 and Feg.o5Nig 75
nanochains are consistent with the point EDS scans and EDXRF
measurements.

As stated before, the presence of oxygen in the EDS spectra is linked
with the formation of thin oxide layer on the surface of Fe-Ni nano-
chains. This assumption is confirmed by the transmission electron mi-
croscope (TEM) scans shown in Fig. 3. A dark core region and a light-
grey shell layer are clearly distinguishable. The thickness of oxide
layer oscillates around 4 nm for all Fe-Ni samples and this is consistent
with the previously reported observations describing the initial oxida-
tion of other iron and nickel nanostructures [19,22-34]. Moreover, the
TEM data show much better than the SEM images presented in Fig. 1
that all investigated iron-nickel nanostructures are composed of nano-
particles. Analyzing the TEM images, it is also worth noting that the
nanoparticles forming the Fe(.75sNig 25 and Feg.5Nig 5 chains are sepa-
rated from each other by very thin interface layers, whereas the
Feg.25Nig 75 chains seem to reveal the uniform structure. The electron
diffraction (ED) pattern of the Fe(.5Nig 5 sample recorded in a parallel to
the TEM measurements is demonstrated in Fig. 3d. In fact, only this
pattern is shown here as an example because the other look almost the
same. The representative ED spectrum of the Fe-Ni chains consists of
two highly diffuse rings. Such pattern is typically obtained for the
various materials which reveal nanocrystalline or amorphous nature
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Fig. 2. SEM images and corresponding line EDS profiles (a) across and (b) along Fe(.75Nig 25, (¢) across and (d) along Feq.sNig s, (€) across and (f) along Feg.o5Nig 75

wire-like nanostructures; black arrow indicates the direction of the EDS scan.
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Fig. 3. TEM images of (a) Feq.7sNigos, (b) Feg.sNips and (¢) Feg.psNig7s wire-like nanostructures. (d) The electron diffraction pattern recorded for the

Feo.sNig s sample.

[23,28,35-38]. Surprisingly, the positions of recorded ED rings could be
faintly fitted to either (111) and (220) or (110) and (211) crystal planes
usually observed in the polycrystalline Fe-Ni nanomaterials with a
face-centered cubic (fcc) or a body-centered cubic (bee) structure [18,
39-41], respectively, whereas at the same time the (200) plane is van-
ished for both phases. This indicates that the investigated Fe-Ni chains
are amorphous rather than polycrystalline. Moreover, it is worth noting
that one of the ED fringes is much more pronounced and broader than
the second one. Finally, no signal associated with the presence of oxides
is found during the ED measurements. This denotes that the oxide layer
is apparently amorphous.

Fig. 4 shows the XRD patterns of the as-prepared iron-nickel wire-
like nanomaterials. All patterns were collected using the same experi-
mental conditions i.e. a step of 0.05° and a collecting time of 55 s per
each step. This experimental results indicate that the Fe-Ni chains are
amorphous because only two very broad peaks are visible in the XRD
patterns for all samples. Moreover, it is hardly to assign their positions to
the well-defined crystallographic orientations because their maxima are
located between the characteristic peak positions of crystalline face-
centered cubic (fcc) Fe-Ni (JCPDS card no. 47-1417) and body-
centered cubic (bcc) Fe-Ni (JCPDS card no. 37-0474) alloys. Besides
the nanometer size of investigated samples, this could be a reason of the
significant broadening of the XRD peaks. On the other hand, the XRD
patterns of the Fe-Ni nanomaterials consist of only two peaks. One of
them is much more intense than the second one. This, in fact, agrees well
with the ED measurements. Furthermore, the low crystallinity degree is
a common observation for the nanostructures synthesized with the use
of sodium borohydride and this is mainly associated with the formation
of ultrafine grains and amorphous nature of these materials [19,22,28,
34,35,42-44]. Similarly to the previously discussed ED results, no peaks
associated with iron, nickel or mixed iron-nickel oxide shells are
observed in the XRD patterns for the Feg.7sNigas, Feg.sNigs and
Feg.25Nip 75 samples. This means that these oxide layers are too thin to
collect the XRD signal or they are amorphous. In turn, a small peak is
visible at 30.5° in the XRD pattern for the Fep.o5Nig 75 chains and it
might be ascribed to H3BO3 (JCPDS card no. 73-2158).

30 40 50 60 70 80 90
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Fig. 4. XRD patterns of (a) Fey.75Nig.2s, (b) Feo.sNig s and (¢) Feg.2s5Nig 75 wire-
like nanostructures. The peak positions and normalized intensities corre-
sponding to the fcc Fe-Ni, bcc Fe-Ni and H3BO;3 are assigned according to
JCPDS cards and they are marked as squares, triangles and circles, respectively.

The room temperature magnetization hysteresis curves for all Fe-Ni
samples are shown in Fig. 5. Their shapes indicate that all wire-like
nanostructures behave as the ferromagnetic materials. Further analysis
of the hysteresis curves allows identifying two trends. Firstly, the higher
concentration of nickel present in the sample the lower their saturation
magnetization (Mg at 1 T) values are. The Mg for the Fey.75Nig 25,
Fep.5Nig 5 and Feg.o5Nig 75 chains equals about 86, 61 and 10 emu/g,
respectively. In general, this decrease of Mg value with an increase of Ni
content is consistent with the results obtained for the Fe-Ni nano-
particles by M.H. Mokarian et al. [20] who claim that this observation is
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Fig. 5. Room temperature magnetization hysteresis curves of (a) Fey.7sNig 2s,
(b) Feg.sNigs and (¢) Feg.o5Nig 75 wire-like nanostructures; inset — magnifica-
tion of hysteresis in the area of B = 0.

associated with the lower magnetic moment of Ni atoms than Fe atoms.
It should be also mentioned that the highest reported Mg measured at
room temperature for the Fe-Ni nanomaterials can reach even more
than 135 emu/g and these values have been obtained for the well
crystalline nanomaterials with a nominal composition of Fey.sNig s
[45-47]. Nevertheless, it is worth noting that the Mg of about 62 emu/g
has been also measured for the Fe(.5Nip 5 nanoparticles with diameters
ranging from 10 to 80 nm by B.Z. Cui et al. [45]. This value is almost the
same as for the wire-like nanostructures with similar chemical compo-
sition and diameter studied in this work. It is also important that the Mg
value obtained for the Feg.o5Nig 75 chains is much lower than for the
other investigated samples. In order to explain this issue, it is necessary
to recall the electron microscopy experiments which have been dis-
cussed before. According the TEM measurements, all Fe-Ni chains
reveal the core-shell structures in which the average thickness of the
oxide shell is more or less the same. Thus, in the case of Fe(.o5Nig 75
nanomaterial, whose average diameter is the lowest among the inves-
tigated samples, the impact of oxide shell is the most significant. This
leads the weakening of the magnetic response at the applied magnetic
fields [19]. Moreover, since the magnetic moment values are given in
this work per unit of total mass of whole material (emu/g), the presence
of non-magnetic impurities in the Fe(.2s5Nig 75 chains may also cause the
decrease of Mg for this particular sample. Secondly, the increasing
amount of nickel present in the sample enhanced their coercivity (Hc).
The HC of the FeoA75Nio.25, FeOAsNi0.5 and F60A25Ni0.75 chains equal 217,
242 and 350 Oe, respectively. The trend mentioned above is rather
based on the obtained magnetization hysteresis curves and it is not
directly related to the content of nickel in the samples because it de-
pends on many factors such as: size, shape, presence of internal stresses
and impurities, ordering and distances between neighboring wire-like
chains, etc. At this point, it should be mentioned that the orientation
of all studied wire-like chains is random in a respect to the applied field.
In a contrary to many other wire-like nanomaterials synthesized using
hard or soft templates such as anodized aluminum oxide (AAO) temples
or surfactants, the nanochains investigated in this work are not easy to
order due to their powder nature. In addition, they can simply interact
each other because no barriers against their stacking like template walls
or chemical functional groups of surfactants are present. This causes that
they form the disordered arrangements which look like the ‘partially
interweaved stacks of wooden branches’ (cf. Fig. 1). Considering all
circumstances mentioned above and the difficulties which we have
come across during the ordering process of Fe-Ni wire-like nanochains,
the magnetic hysteresis measurements have been carried out for the
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disordered samples. Nevertheless, it is clearly visible that the recorded
coercivities for the Fe(.75Nig 25, Feo.sNips chains are very similar,
whereas the H¢ value differs for the Fe(.o5Nig 75 sample. Assuming the
random orientation of all samples in a respect to the applied field and
considering again the real sizes of the investigated Fe-Ni nanostructures
traced by the electron microscopy experiments, the average diameter of
Fe.25Nig.75 chains is the lowest, so the ratio between the alloy core and
the surface oxide shell is the highest one. In this case, the higher impact
of surface oxide layer, which, in fact, might be a magnetically harder
material according to the shape of the hysteresis curve shown in the
inset of Fig. 5S¢, is expected. Thus, this may lead to the enhancement of
the coercivity for the Feg.o5Nig 75 chains.

Interestingly, the almost similar MFI synthesis have been also per-
formed for the precursor solutions containing Fe>* and Ni*" ions with
1:1 M ratio. In this case, the mixture of nanowires and nanoparticles,
which reveal metallic iron structure, has been obtained instead of the
bimetallic Fe-Ni wire-like nanostructures (cf. Fig. 6). This can be
explained considering two factors: i) values of standard potentials of
reduction reactions for ions taken to the reaction, and ii) growth
mechanism. In general, the similar iron wire-like nanostructures can be
successfully produced in the MFI synthesis using the precursor solutions
containing of Fe>* [21,22,34] or Fe?* [37,38] ions. However, the values
of standard potentials of reduction reactions for both iron ions are
completely different and equal —0.04 V and —0.44 V for Fe>" and Fe?*
ions, respectively. This, in fact, causes that the reduction reaction of
Fe* jons occurs faster than the reduction reaction of Fe*" jons [43].
Therefore, in order to perform the co-reduction reactions of iron ions
with nickel ions, whose standard potential equals —0.23 V, it is needed
to use Fe?* ions. This allows producing nickel nanocrystallites slightly
earlier than iron nanocrystallites which then mix and form the bime-
tallic nanoparticles through coarsening or Ostwald ripening. After-
wards, when the nanoparticles achieve the certain size, they can be
aligned along the magnetic field lines due to dipole-dipole interactions
[48]. In turn, the MFI synthesis with the precursor solutions containing
Fe3" and Ni%" ions leads to the formation of the mixture composed of
iron nanowires, iron nanoparticles and nickel material which, in fact, is
not bounded with iron nanomaterials. This causes that the nickel is
easily removed with other by-products during the cleaning process with
the use of the ultrasonic bath.

4. Conclusions

For the first time, this work describes how to manufacture the Fe-Ni
wire-like nanostructures with desired iron-to-nickel ratios at room
temperature through the simple one-step magnetic-field-induced
reduction reaction of precursor solution containing Fe*>* and Ni?* ions
with aqueous sodium borohydride solution. In a contrary to the previ-
ously reported hard or soft temple-assisted methods, the synthesis pro-
cess descried herein is carried out without use of matrices, surfactants or
complexing agents which could introduce the impurities inside the
investigated nanomaterials.

The structural and magnetic investigations indicate that the Fe-Ni
nanopowders are amorphous core-shell ferromagnetic materials which
consist of alloy cores and very thin oxide shells. It is also shown in this
work that the increasing content of nickel in the as-prepared Fe-Ni
nanostructures influences directly their sizes and indirectly their mag-
netic parameters like saturation magnetization and coercivity. More-
over, the as-prepared nanomaterials are stable at ambient conditions.
Therefore, they can be of interest for application in catalysis, electro-
magnetic shielding, microwave-absorbents as well as magnetic field
sensors [14-17].
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