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Abstract The electrodeposition of the Fe-Ni powders
from citrate-ammonium chloride containing electrolytes
for different Ni/Fe ions concentration ratios at pH 4.0 was
investigated by the polarization measurements. The mor-
phology, chemical composition, and phase composition of
the obtained powders were investigated using SEM, EDS,
and XRD analysis. EDS analysis of as-deposited alloy
powders confirmed anomalous co-deposition of Fe and Ni.
A common characteristic for all as-deposited powder
samples was the presence of cone-shaped cavities and
nodules on the big agglomerates of the order of 200—
400 pm. After annealing in air at 400, 600, and 700 °C for
3 h, all alloy powders oxidized forming NiO, NiFe,0,, and
Fe,O5 phases in different proportions depending on the
original powder composition. The NiFe,O, phase was
found to be dominant in the sample with the highest per-
centage of Fe after annealing at 600 °C.

Keywords Fe-Ni - Powder - Electrodeposition -
Morphology - Composition analysis - Recrystallization

1 Introduction

One of the components of the Fe-Ni system, formed by

oxidation of Fe—Ni mixture at high temperatures, is a
nickel ferrite, NiFe,O,4, an inverse spinel in which the
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tetrahedral sites (A) are occupied by Fe®" ions and octa-
hedral sites (B) by Fe3" and Ni*" ions [1].

According to the literature [2, 3], the NiFe,O, is the
most suitable material for device applications in the upper
microwave and lower millimeter wave ranges. At the same
time, NiFe,O, was found to be a highly reproducible
humidity [4] and gas [5, 6] sensor material. The numerous
techniques, such as ferrite plating [7, 8], oxidation of
metallic films [9], arc plasma method [10], chemical
transport [11, 12], chemical vapor deposition [13-16], the
dip coating process [17], spray pyrolysis [18, 19], and
pulsed wire discharge [20] have been used for preparation
of the NiFe,O, films. The main difficulty of these methods
is the limit in the choice of substrate material, since it must
be kept at a high temperature after deposition. Sartale et al.
[21] has proposed less expensive and more popular method
for the preparation of the spinel nanocrystalline NiFe,O,4
films, based on the electrodeposition of NiFe, alloy coating
from a non-aqueous ethylene glycol sulfate bath followed
by electrochemical oxidation of the alloy in an aqueous
bath at room temperature. It is shown that the air annealing
of the as-deposited NiFe,O, thin films at 500 °C for 5 h
improves the crystallinity and morphology of the films. In
the study of Fang et al. [22], the NiFe,O, ultrafine powder
with high crystallinity has been prepared through a reverse
microemulsion route. After optimizing the composition in
the starting solution, the resulting NiFe,0O, was formed at
temperature of around 550-600 °C, which is much lower
than that observed from the solid-state reaction. Magnetic
investigation indicates that samples are soft-magnetic
materials with low coercivity and with the saturation
magnetization close to the bulk value of nickel ferrite.
Most recently, NiFe,O,4 nanoparticles were synthesized via
solid-state reaction process of the Feg;Niz3 alloy nano-
powder at different annealing temperatures in the air [23].
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It was shown by XRD and TEM analysis that NiFe,O4
started to form at around 450 °C, being well defined after
annealing at 550 °C with the powder particle size ranging
between 15 and 50 nm.

Most of the investigations concerning Fe-Ni alloys
electrodeposition are in connection with the deposition of
compact coatings [24-27], while the electrodeposition of
Fe—-Ni alloy powders was the subject of only few articles.
Zhelibo et al. [28, 29] suggested a method for producing
very fine Fe-Ni alloy powder by the electrolysis in a two-
layer electrolytic bath using a hydrocarbon solvent from an
oil refining fraction as an upper organic layer with evap-
oration at 180 °C and subsequent reduction annealing in
a hydrogen atmosphere. The influence of the reduction
annealing temperature [28] and the electrolysis temperature
[29] on the formation, chemical and phase composition,
structure, and magnetic properties of highly dispersed
Fe—Ni alloy powders were investigated, and the optimal
thermal conditions for the production of powders with
micron-sized particles were determined [28, 29]. The effect
of complexing agents (citric and oxalic acid) on the process
of Fe-Ni alloy powders was also investigated [30]. It was
shown that complexing agents influence the kinetics of
powders of electrodeposition, as well as the morphology of
the Fe-Ni powders. Finer powders were produced in the
presence of citric acid in comparison with those obtained in
the presence of oxalic acid [30]. Detailed analysis of the
processes of Fe—Ni alloy powders electrodeposition from
citrate-ammonium chloride and citrate-sodium sulfate
containing electrolytes in the presence of Fe(IIl) and/or
Fe(Il) salts are presented in our previous article [31].

So far, electrochemical deposition of Fe—Ni powder with
subsequent oxidation at high temperature in air has not
been reported as a process for production of the nickel
ferrite. In this study, an attempt was made to produce
nickel ferrite powder from the electrodeposited Fe—Ni
powders by subsequent annealing (recrystallization) in air.

2 Experimental

All powders were electrodeposited at the room temperature
in the cylindrical glass cell (total volume of 1 dm?) with
cone-shaped bottom of the cell to collect powder particles.
Fe—Ni alloy powders were deposited under galvanostatic
conditions on glassy carbon cylinder (d = 0.5 cm,
h =3 cm) at the current density of 2.5 A cm 2 (see
Sect. 3). All powders were washed with distilled water and
alcohol after deposition and dried in air at 80 °C.
Annealing of all powders was performed in air, first at the
temperature of 400 °C for 3 h. After SEM, EDS, and XRD
analysis powders were annealed at 600 °C for 3 h and
analyzed by SEM, EDS, and XRD. Finally, since it was
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found that big powder agglomerates were not completely
oxidized during annealing at 600 °C (see Sect. 3), powders
were ground in mortar, annealed at 700 °C for 3 h, and
analyzed by XRD.

All solutions were made from analytical grade purity
chemicals (NiCl,, Na;CcHs0-, NH4Cl, FeCl,) and distilled
water.

The morphology of the electrodeposited powders was
examined using scanning electron microscope (SEM),
Tescan VEGA TS 5130MM equipped with an energy-
dispersive X-ray spectroscopy (EDS), and INCAPentaFET-x3
detector, Oxford Instruments. Accordingly, composition of
as-deposited and recrystallized powders was determined by
the EDS analysis.

The phase composition of the as-deposited and recrys-
tallized powders was investigated using a PHILIPS PW
1050 X-ray powder diffractometer.

Each experiment was repeated three times, and the
average values are presented in this article. The variation of
the results was +5%.

3 Results and discussion

Four different electrolytes, with total metal ion concentration
of 0.1 M, were used for the alloy powders electrodeposition:
xM NICIZ + 1M NH4C1 4+ 02 M Na3C6H507 + y M
FeCl,: (x = 0.09, 0.075, 0.05 and 0.025 M and y = 0.075,
0.05, 0.025, and 0.01 M). In such a way, the Ni/Fe ion con-
centration ratios were 9/1, 3/1, 1/1, and 1/3, while the pH of
the solution was kept constant (pH 4.0) by adding HCI. All
powders for microstructure, composition, and phase com-
position analysis were electrodeposited practically at the
limiting current density (position of the j,4 on the polariza-
tion diagrams, see Fig. 1b of [31]).

The polarization curves recorded in different electro-
lytes possess a similar shape. They are characterized by
two inflection points, the first one reflecting massive alloy
deposition (sharp increase of current density), and the
second one (@) corresponding to the moment when the
deposition process is controlled by the rate of hydrogen
bubble formation, actually the potential at which the dif-
fusion limiting current of alloy powder deposition is
reached (as explained in our previous articles [32, 33]). The
characteristics of the polarization diagrams for Ni-Fe
powders electrodeposition are explained in great detail in
our previous article [31].

The current efficiency for Fe—Ni powders electrode-
position has been determined by the procedure explained in
great details in our previous articles [31-33]. It was found
that the current efficiency varies from about 15% at low
content of Fe in the powder, to about 8% at high content
of Fe in the powder (see Fig. 2 of [31]), which is in
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accordance with the statement [24] that the current effi-
ciency for Fe-Ni alloy deposition decreases with the
increase of Fe ions concentration in the electrolytes, i.e.,
with the increase of Fe content in the coating.

3.1 The morphology of the as-deposited powders

The main characteristic of the morphology of the Fe—Ni
alloy powder particles electrodeposited onto glassy carbon
electrode from different electrolytes is the presence of big
agglomerates, shown in Fig. la. Their size was found to
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DATE: 0410103 200 um Vega @Tescan
Device: VEGATS 5130MM Digital Microscopy Imaging
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vary from about 200 to about 500 pwm. The surface of these
agglomerates is covered with nodules (Fig. 1b) and big and
small cone-shaped cavities (Fig. 1c). The observed cavities
correspond to the places where the hydrogen bubbles were
formed [31-34]. Particularly interesting are crystals of the
shape of pagoda present in the powder with about 70 at.% of
Ni (Ni/Fe = 9/1) (see Fig. 9 of [31]). Such crystals were
detected in the Fe—Ni powder synthesized in high yield by a
simple and facile hydrothermal method without the presence
of surfactants [35]. According to this investigation [35]
FeNij; crystals were formed during the described procedure.

DET: SE Detector L
DATE: 041 0109 20 um
Drevice: VEGA TS 5130MM

SEM MAG; 3.00 ke
HY. 200 kv
WAC: HiVac
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Digital Microscopy Imaging

Fig. 1 Typical powder particles for all as-deposited Fe-Ni powders. All powders were deposited at the current density of 2.5 A cm ™2
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The products obtained at 120 °C are mixture of FeNi; and
Fe—Ni hydroxides composed of monodispersed micro-
spheres. With the increase of temperature to 140 °C these
microspheres become micropagodas very similar to those
shown in Fig. 9 of [31]. At higher temperatures (180 °C),
these particles transform into perfect 3D FeNi; dendritic
superstructures in certain directions [35]. Hence, on com-
parison of the crystals presented in Fig. 9 of [31] with those
obtained by hydrothermal method [35], it seems reasonable
to ascribe them to the FeNij single crystals (there is also an
indication for the existence of FeNi; single crystals in as-
deposited powder, see XRD analysis presented in Fig. 2). It
should be noted here that at a given current density of
deposition, further transformation into dendrites most likely
could not be possible since the powder particles fall off from
the electrode surface before the formation of dendrites.

3.2 The EDS analysis of the as-deposited powders

All powder samples were analyzed by EDS in such a way
that at least eight powder particles (maximum number 11)
on the SEM micrographs were chosen, and EDS analysis
was performed at 3—10 different positions on each particle.
In some cases, the analysis was performed at a point of
1 um2, while in some cases, rectangular surface from
120 pm? (10 x 12 pm) to 9,600 pm? (80 x 120 pm) has
been analyzed. Hence, for the further analysis, the average
values of composition for each analyzed particle were used.
Since in all powder samples, oxygen was detected up to
maximum 15 at.%, its content was subtracted assuming
that only Fe and Ni are present in the powders (oxygen was
probably from the remaining of the electrolyte and washing
procedure and possibly due to limited oxidation during the
drying procedure). In order to determine the type of Fe—Ni

Intensity / a.u.

31

9N

20 40 60 80
20/ degree

Fig. 2 XRD analysis for the as-deposited powders obtained from the
solutions with different Ni/Fe ratios (marked in the figure: filled
triangle) peaks of the a-Fe phase
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alloy powder deposition, the percentages of Fe and Ni
determined by the EDS analysis were used, and results
were presented in Fig. 10 of our previous study [31].
According to Brenner’s classification [36], anomalous co-
deposition of Fe and Ni occurs at all investigated solution
compositions, with the less noble metal (Fe) being more
readily deposited than the more noble one (Ni), i.e., the
percentage of Ni in the powder is lower than its percentage
in the solution.

3.3 The XRD analysis of the as-deposited powders

The diffractograms of the as-deposited powders are pre-
sented in Fig. 2. Because of very small crystallites size,
ranging between 7 and 20 nm from Ni/Fe = 9/1 to Ni/Fe =
1/3 (determined from the half with of the peaks appearing on
the diffractograms) only phases with the highest intensity
were detected. Two peaks marked with (A) best correspond
to the o-Fe phase. Taking into account that the peaks
for FeNi (kamacite) (37-0474), o-Fe (06-0696) and Ni
(45-1027) practically overlap, broader peak at around 44.5°
for Ni/Fe ratios 9/1, 3/1, and 1/1 could be ascribed to any of
these phases. The appearance of a small peak at around 44.3
for Ni/Fe ratios 9/1 and 3/1 (marked with arrow in Fig. 2)
could be an indication for the existence of FeNi; {111}
(38-0419), taking into account the pagoda-like morphology
detected on the surface of the agglomerates of these powders
[31, 35].

3.4 The SEM, EDS, and XRD analysis
of the recrystallized powders

During the first annealing procedure, powder samples were
kept for 3 h at 400 °C in the furnace under the air atmo-
sphere. Typical morphologies of the surface of annealed
(recrystallized) powders particles (EDS) for all the inves-
tigated electrolyte compositions are shown in Fig. 3. The
appearance of different type of crystals on powder particles
surface for different Ni/Fe ions ratios is characteristic for
these powders, as shown in Fig. 3a—d. In order to find out
what is the composition of the obtained crystals the EDS
analysis of all the samples is performed, and the results at
different spectrum positions are given in Table 1. A com-
mon characteristic of the EDS analysis is the decrease of Ni
content on the surface of analyzed samples with the
decrease of Ni/Fe ratio (42 at.% Ni for the 9/1 ratio and
27 at.% Ni for the 3/1 ratio), i.e., the decrease of Ni content
in the alloy powders, while for the Ni/Fe ratios 1/1 and 1/3
content of Ni on the powder particles surfaces is practically
zero. It is interesting to note that on the surface of samples
with the Ni/Fe ratios 1/1 and 1/3 some parts of the surface
have been peeled off (Fig. 3c, d) and that the composition
of the surface layer is completely different from that of the
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Electron Image 1

L 10pm 1

Electron Image 1

Fig. 3 The images with marked positions of the EDS spectra of the
powder particles annealed at 400 °C for 3 h in the air atmosphere
for powders electrodeposited at Ni/Fe = 9/1 (a), Ni/Fe = 3/1

bulk of particle (Table 1). According to the EDS analysis
of these two samples, it appears that the surface layer is
composed of iron oxide (most likely Fe,0O3), since the
content of Ni is zero. For powder samples with lower
content of Fe (Ni/Fe = 9/1 and 3/1, Fig. 3a, b), layered
structure has not been observed (no peeling off of the
surface layer has been detected), and accordingly, only the
composition of the surface has been analyzed. Taking into
account that for such surfaces EDS results cannot be con-
sidered as quantitative, a convincing conclusion about the
properties of these powder particles surfaces could not be
made. Hence, it appears from the EDS analysis of the
powder particles surfaces that for samples with higher

20pm Electron Image 1

P —
20um

Electron Imadge 1

(b), Ni/Fe = 1/1 (¢), and Ni/Fe = 1/3 (d). Corresponding results of
the EDS analysis are presented in Table 1

content of Fe (Ni/Fe = 1/1 and 1/3, Fig. 3c, d), the oxi-
dation of all powders particles is not complete and that only
surfaces are completely oxidized due to iron oxide diffu-
sion to the surface of the particles during the oxidation
process. Taking into account the dimensions of the powder
particles (agglomerates, up to about 400 pum), it is quite
possible that the oxidation process took place mostly on the
particles surface. It is possible that the same conclusion
could be valid for samples rich in Ni, but on the SEM
micrographs peeling of the surface layer has not been
detected.

During the second annealing procedure (additional
annealing at 600 °C for 3 h in air), all the powder samples

@ Springer
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Table 1 Results of the EDS analysis of powder samples electrode-
posited from different electrolytes, obtained at different positions
(spectra) at powder particles presented in Fig. 5

Ni/Fe Spectrum number at.% O at.% Fe at.% Ni
9/1 1 39 25 36
2 24 23 53
3 31 19 50
4 41 29 30
3/1 1 57 19 24
171 1 48 52 0
2 42 35 23
1/3 1 29 67 4
2 51 43 6
3 58 42 0
4 51 49 0

were characterized with the presence of needle-like crystals
on the surface of particles (most likely corresponding to the
Fe,Oj3 phase), with their dimension being bigger for sam-
ples with higher content of Fe. This is shown in Fig. 4a for
Ni/Fe ratios 9/1 and 3/1 and in Fig. 4b for Ni/Fe ratios 1/1
and 1/3. In comparison with the samples annealed at
400 °C, the EDS analysis showed higher content of Fe and
O for samples obtained at Ni/Fe ratios 9/1 and 3/1, while
for samples obtained at Ni/Fe ratios 1/1 and 1/3, identical
results were obtained as those for the annealing at 400 °C.

In order to provide complete oxidation of powders, all
the samples were ground in mortar, annealed at 700 °C for
3 h, and analyzed by XRD.

XRD results recorded after annealing at 400, 600, and
700 °C are shown in Fig. 5. These results are in good
agreement with the EDS analysis, showing that all powder
particles were oxidized during annealing, forming NiO,
Fe,03, and NiFe,0, phases. As can be seen, the intensity

Fig. 4 The surfaces of powder
particles after additional
annealing at 600 °C for 3 h in
the air atmosphere for powders
electrodeposited at Ni/Fe = 9/1
and Ni/Fe = 3/1

(a) and Ni/Fe = 1/1

and Ni/Fe = 1/3 (b)

PR
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SEM MAG: 2.00
HY. 300KV
VAG: Hivac
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of some peaks increases, while the intensity of some peaks
decreases with increasing annealing temperature.

The intensity of Ni peak (Hl) was found to decrease with
increasing annealing temperature for Ni/Fe ratios 9/1, 3/1,
and 1/1, with Ni being most likely oxidized into NiO and/or
NiFe,0,4 phases. This phase practically disappeared in
powders electrodeposited at the Ni/Fe ratio 1/3 annealed at
all the temperatures. Its presence on the diffractograms
recorded for the annealing temperatures 400 and 600 °C in
powders electrodeposited at Ni/Fe ratios 9/1, 3/1, and 1/1
indicate that in these powders, Ni cannot be completely
oxidized at given annealing temperatures. The disappear-
ance of this phase in powder electrodeposited at Ni/Fe = 1/1
after annealing at 700 °C confirms that during additional
oxidation whole amount of Ni has been oxidized.

The intensity of the peak for NiO phase () increased
with increasing annealing temperature for samples rich in
Ni (Ni/Fe = 9/1 and 3/1), while for other two samples NiO
peaks (|) of small intensities were detected. As can be seen
in Fig. 5, this phase practically disappeared in the powder
electrodeposited at Ni/Fe ratio 1/3 after annealing at
700 °C.

The intensity of the peak for Fe,Os phase (V) also
increased with increasing annealing temperature in all the
samples. In samples with high content of Ni, this phase has
not been detected on the diffractograms recorded after
annealing at 400 °C only. After annealing at 700 °C, this
phase became dominant in Fe-rich samples (Ni/Fe = 1/1
and 1/3).

Similar conclusion could be made for the NiFe,O,4 phase
(V). In all the samples, peaks of this phase could be
detected on the diffractograms recorded after annealing at
600 and 700 °C. It is interesting to note that the peaks of
NiFe,O4 phase (V) possess the highest intensity in the
powder electrodeposited at Ni/Fe ratio 1/3 after annealing

)
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DATE: 07/ 5109 10um
Device: VEGA TS 5130MM

SEM MAG: 5.00 kx
Vepa @Tescan HY. 300K
Digital Microscopy Imaging  VAC: HivVac
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Fig. 5 XRD analysis for the powders annealed at 400, 600, and
700 °C (marked in the figure) obtained from the solutions with
different Ni/Fe ratios: a Ni/Fe = 9/1; b Ni/Fe = 3/1; ¢ Ni/Fe = 1/1;
and d Ni/Fe = 1/3 (marked in the figure): peaks of the Ni phase (filled

at 600 °C indicating that these are the best conditions for
its formation. Such behavior is in accordance with the
findings of Ceylan et al. [23] that well-defined NiFe,O,
nanoparticles crystallize at 550 °C after solid-state reaction
in Feg;Niz3 nanopowder. Hence, it appears that for a
powder composition 89 at.%. Fe-11 at.% Ni (powder
obtained for Ni/Fe ratio 1/3), which is different from that
for Feq;Nis3, dominant phase is NiFe,O, after annealing of
as-deposited powder at 600 °C.

4 Conclusions

The morphology and composition of as-deposited, as well
as recrystallized alloy powders depend on the Ni/Fe ions
concentration ratio. Anomalous co-deposition of Fe and Ni
has been confirmed by the EDS analysis of as-deposited
alloy powders. A common characteristic for all as-depos-
ited powder samples was the presence of cone-shaped
cavities and nodules. After annealing in air at 400, 600, and
700 °C for 3 h all the alloy powders oxidized forming NiO,
NiFe,0,, and Fe,O; with the NiO phase disappearing in

20/ degree

square); peaks of the NiO phase (down arrow); peaks of the NiFe,O4
phase (open inverted triangle); and peaks of the Fe,O5; phase (filled
inverted triangle)

the samples with higher percentage of Fe. The NiFe,O,
phase was found to be dominant in the sample with the
highest percentage of Fe annealed at 600 °C. From the
EDS and XRD analyses, it could be concluded that
the powders were not completely oxidized during anneal-
ing in air at 400 and 600 °C.
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