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Characteristics of electrochemically obtained Nigs7Mo03 3
alloy powder
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Nickel molybdenum alloy powder was obtained by electrochemical deposition of a solution of 0.035 mol dm™ NiSO,-7H,0;
0.007 mol dm™ Na,Mo0O4-2H,0; 0.007 mol dm™ NacCl and 0.7 mol dm>NH,OH on a titanium cathode with a current density
of j=100 mA cm?. X-ray analysis established that the powder consisted of 20% amorphous and 80% crystalline teseral
phase of a solid solution of the Nigs 7M03 3 alloy. The amorphous phase forms a matrix hosting FCC phase nanocrystals with
an average dimension of 18 nm. It was established that molybdenum atoms increase the minimal density of randomly
distributed dislocations and mean microstrain values and impede formation of new nucleuses and thus accelerate formation
of the alloys’ amorphous phase. Powder particles were not spherical but elongated. The maximal particle length varied
between 7 and 30 um, while the minimal was between 3.5 and 17 um. SEM micrographs show two particle shapes: larger
particles with a cauliflower shape and smaller particles with a dendrite shape. Based on EDS spectra it was established that
cauliflower shaped particles contained on average 30% more molybdenum than dendrite shaped particles. X-ray
photoelectron spectroscopy showed that the chemical composition of the surface particle layer differed from the bulk
particle composition. The surface layer consisted of adsorbed water molecules. OH groups are below this layer followed by

Ni,O3 oxides and MoOs.
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1. Introduction

Technical progress and development of new
technologies is significantly accelerated with the
development of new materials. Nanostructured materials
are widely applied, due to their specific electric, magnetic,
corrosive and other properties [1-16]. In the last few
decades new materials were often obtained by powder
sintering. Powders with specific properties can be obtained
by electro-chemical deposition [8, 16-26]. Properties of
powders obtained electrochemically and those with the
same chemical composition obtained using other methods
usually differ. A suitable selection of the solution
composition, temperature and movement rate, cathode
nature, distance between electrodes and current density
results in obtaining of powders with set, specific
characteristics [8, 16-26]. The deposition current density
significantly influences the deposit nature. Coatings are
formed for current densities lower than the boundary
diffusion current. Crystal powders form for the boundary
diffusion current, while nanocrystals and amorphous
powders form for significantly higher overvoltage [8, 16-
26].

Nanostructure Ni and Mo alloys are widely applied
due to their specific electric, magnetic and other
properties, high corrosion and thermal stability and high
catalytic activity for electrochemical evolution of
hydrogen and anodic evolution of oxygen [23,25, 26-31].
Nickel and molybdenum alloys obtained by the
metallurgical procedure are expensive due to the high

melting point of molybdenum. However, nickel and
molybdenum alloys can be obtained by electrodeposition
from water solutions [23, 25, 26, 31-45].

In this paper chemical, structural and morphological
characteristics of the electrochemically obtained
Nigs 7Moj3 3 alloy were investigated.

2. Experimental

Electrochemical deposition of Nigs;Mo03 3 powder was
performed in a glass electrochemical cell with a volume of
2 dm’® with a special part for a Lugin capillary in which a
saturated calomel electrode was placed. The anode was a
platinum plate with a surface of 8 cm?, while the cathode
was a titanium plate with a surface of 4.5 cm’. The cell
was in a thermostat. The working temperature was 298 +
IK. The solution was prepared from p.a. chemicals
(Merck) and water distilled three times. The solution
composition was 0.035 mol dm NiSO,-7H,0; 0.007 mol
dm™ Na,;MoO, -2H,0; 0.007 mol dm™ NaCl and 0.7 mol
dm™ NH,OH. The solution pH was maintained between
11.0 and 11.5 by adding ammonium solution during
electrolysis.

A standard electrical circuit consisting of a
programmer with a potentiostat (RDE 3 POTENTIOSTAT
Pine Instrument So. Grove city. Pennsylvania), digital
voltmeters (Pro’s Kit 03-9303C) and an electrochemical
cell were used for electrochemical measurements.
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Nigs7sMo33 powder was obtained by galvanostatic
deposition with a current density of j = 100 mA cm™. After
electrolysis the obtained powder was rinsed several times
with distilled water and then with a 0.1% solution of
benzene acid. After rinsing the powder was dried at 360 K.

The chemical composition of the powder obtained
was determined on a PEKTAR-A.A.200-VARIAN atomic
absorber.

X-ray diffraction (XRD) was recorded on a Philips
PW 1710 diffractometer with CuK, (o = 0,154 nm)
radiation and a graphite monochromator. XRD data were
collected with a step mode of 0.03° and collection time of
1.5 s/step. Scanning electron microscopy (SEM) was
conducted with a JEOL.JSM 5300 equipped with an EDS-
QX-2000S spectrometer.

X-ray photoelectron spectroscopy (XPS) experiments
were carried out using a ’’SERIES 800 XPS’’ Kratos
Analytical device. The Mg K, line at 1253.6 eV was used
for excitation in all cases. During experiments the vacuum
in the analytic camera was at the level of 1,33-107 Pa. The
allowed energy determined as the width of the half-height
of the Ag 3d;;s peak was 1.2 eV. The accuracy of bond
energy determination was <0.1 eV. All measurements
were referenced to the C 1s line binding energy of 285.0
eV.

Analysis of the size and shape of powder particles was
performed using a Leica Q 500 MC automatic device for
microstructural analysis.

3. Results and discussion

The atomic absorption method was used to determine

that the electrochemically obtained nickel and
molybdenum powder alloy had the composition
Nigs;Mo3 3.

The phase structure of the powder was determined
using X-ray analysis. Based on measured intensities and
positions of diffraction maximums and the JCPD standard,
crystal phases were identified and unit cell parameters and
microstructure parameters were determined.

Based on the X-ray diagram presented in Fig.1. it was
established that the Nigs;Mo33 powder consisted of only
one crystal solid solution teseral phase whose structure is
described by space group Fm-3m.
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Fig.1. Rietveld’s diagram for Nigs ;Mo3 3 alloy powder.

The point curve in Fig. 1. represents the measured
values. The top full line shows calculated values for the
structural model. The bottom full line represents the
difference between measured and calculated values. The
vertical lines below the top curves represent positions of
Bragg reflections for different FCC phase planes.

Four well defined and two weak peaks can be noted
on the diffractogram for different planes of the face-
centered cubic lattice, FCC, of crystals of the solid
solution of nickel and molybdenum (Nigs;Mo;; alloy).
Parameters of the unit cell of the FCC phase are:
a=0.3254(2) nm, a=90° and V=0.043815(4) nm’. The
following values were obtained for microstructure
parameters of the FCC phase: mean value of crystallite
dimensions is 18.0 nm; mean microstrain value is 1.9-10°
and minimal density of randomly distributed dislocations
is 8.7-10" cm™.

Fig2. and Fig.3. represent the dimensional
distribution of crystallites (Fig. 2.) and the dependence of
the mean square root of microstrain on the distance (Fig.
3.) determined for orientation (111) using the Warren-
Averbach method.
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Fig.2. Dimensional crystallite distribution for Nigs ;Moj 3
alloy powder.
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Fig.3. Mean square root of microstrain as a function of
distance for Nigs ;Moj ; alloy powder .

Fig.2. shows that the crystallite size varies between
0.0 and 50 nm. The Rietveld method [45] was used to
determine that the powder contained about 20% of an
amorphous phase. Based on the results of X-ray
investigations it can be supposed that the amorphous
powder component makes a matrix (skeleton) in which
nanocrystals are situated, i.e. the boundary between



1386 L. Ribi¢-Zelenovi¢, M. Spasojevi¢, A. Mari¢i¢, M.Risti¢

nanocrystals consists of disordered atoms representing the
amorphous phase. Confirmation that the boundary
between crystals consists of several disordered atoms is: a
relatively high minimal density of randomly distributed
dislocations, large mean microstrain value and the
obtained dependence of the mean square root of the
microstrain on the distance (Fig.3).

A pure nickel deposit obtained for the same current
density in the bath without the presence of Na,MoO,
consists of significantly larger crystalline grains with a
significantly lower minimal density of randomly
distributed dislocations. This indicates that molybdenum
atoms impede formation of Nigs ;Mo3 3 alloy nucleuses and
thus increase participation of the amorphous phase,
minimal density of randomly distributed dislocations and
the mean microstrain value. It has been shown that the
granulometric composition and particle shape of nickel
and molybdenum alloy powders depends on the deposition
current density and molybdenum content [22]. The
granulometric composition and particle shapes of
Nigg7Mo33 alloy powder is illustrated in the diagrams
given in Fig. 4.

The diagrams presented in Fig. 4(a) and 4(b) show
that the particles do not have a spherical shape, but are
elongated. The minimal powder particle length is on
average twice smaller than the maximal one.
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Fig.4. Cumulative D, particle size distribution curves

and histograms of the relative D,,. particle size

frequency distribution (a) and cumulative D,,, particle

size distribution curves and histograms of the relative

D,in particle size frequency distribution (b) of powder
particles of the Nigs ;Moj3 3 alloy.

SEM  micrographs show that electrochemical
deposition for j = 100 mA cm™ resulted in the formation of
two shapes of powder particles of the Nigs;Mos3 alloy:
larger particles of a cauliflower shape and smaller particles
with a dendrite shape. Dendrites formed on the surface of
cauliflower shaped particles (Fig.5. and Fig.6). The
formed dendrites had secondary branches and higher order
branches (Fig.7). Fig.5. shows a particle on which dendrite
formation has started (dendrites are paler).
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Fig.5. SEM micrograph of Nigs ;Mojs ; alloy powder.
Fig.6. shows a particle that started growth as a

dendrite and during electrolysis turned into a cauliflower
at the top.
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Fig.6. SEM micrograph of Nigs ;Mojs ; alloy powder.

Fig.7. shows formed dendrites with secondary
branches and higher order branches.
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Fig.7. SEM micrograph of Nigs ;Moj; ; alloy powder.

Based on a semi-quantitative analysis of EDS spectra
of Nigs7sMo;; alloy powder it has been established that
cauliflower shaped particles do not have the same
composition as dendrite shaped particles. Dendrites
contained less molybdenum than cauliflower shaped
particles. The EDS spectrum of the Nig;Mos; alloy
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powder for dendrites is given on Fig.8. and for cauliflower
particles on Fig. 9, respectively.
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Fig.8. EDS spectrum for dendrite particles of the
Nigs ;Mos 3 alloy.

Based on the EDS spectra given in Fig.8. and Fig.9 it
has been established that cauliflower shaped particles have
on average 35% more molybdenum than dendrite particles.
This fact shows that molybdenum particles impede
formation of Nigs ;Mo; 3 alloy nucleuses.
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Fig.9. EDS spectrum for cauliflower shaped particles of
the Nl‘gﬁ» 7M03_3 alloy

X-ray photoelectronic spectroscopy (XPS) established
that the chemical composition of the surface particle layer,
about 10 nm thick, differed from the chemical composition
of bulk powder particles of the Nigs;Mos; alloy. Fig.10,
Fig.11. and Fig.12. give the spectra for Mo 3ds), Ni 2ps),
and O 1s electrons of the Nigs ;Mo; 3 alloy powder.
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Fig. 10. XPS spectrum for Mo 3ds,, electrons of
Nigg.7Moj3 3 alloy powder.
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Fig.11. XPS spectrum for Ni 2p;,, electrons of Nigs ;Moj 3 alloy
powder-.
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Fig.12. XPS spectrum for O lIs electrons of Nigs;Moj3 3
alloy powder (curve 1) and O lIs electrons in molecules:
H,0 (curve 2); OH group (curve 3) and Ni,Oj; (curve 4).

Based on XPS spectra presented in figures 10, 11 and
12 bond energies of Mo 3dsj,, Ni 2ps» and O 1s electrons
of the NigssMos3 alloy were determined. The values
obtained are given in table 1.

Table 1. Bond energies of ni 2p3,, mo 3ds;, and ols electrons.

Mo 3ds (eV) 856.5

Ni 2p3/2 (CV) 232.5
532.4-531.4

O Is (eV) 5305

The bond energy of 2p;,; nickel electrons corresponds
to the Ni,O; oxide, while the bond energy of 3ds,
molybdenum electrons corresponds to the MoO; oxide.
This indicates that these oxides are present in the surface
layer of electrochemically obtained Nigs;Mos3 alloy
powder at j = 100 mA cm™.

The XPS spectrum for O s consists of a wide peak
(Fig.12, curve 1) that is probably the result of overlapping
of three peaks for O Is electrons of the H,O molecule
(curve 2); OH group (curve 3) and Ni,O; (curve 4).

The energy region between 532.4 and 532.8 eV
corresponds to the bond energy of 1s oxygen electrons in



1388 L. Ribi¢-Zelenovi¢, M. Spasojevi¢, A. Mari¢i¢, M.Risti¢

the H,O molecule that was probably adsorbed on the
powder surface. OH groups whose bond energy values of
O Is electrons are between 531.4 and 531.6 eV lie below
the layer of H,O molecules. Oxygen in nickel oxide is
below the OH group layer with bond energy of 1s
electrons between 530.4 and 530.5 eV.

4. Conclusion

Nickel and molybdenum alloy powder with the
composition of NigssMos;3; was  obtained by
electrochemical deposition from a 0.035 mol dm?
NiSO,7H,0; 0.007 mol dm™ Na,MoO, -2H,0; 0.007 mol
dm™ NaCl and 0.7 mol dm”NaOH solution at a current
density of j = 100 mA cm? on a titanium cathode. The
powder consisted of an amorphous matrix hosting
nanocrystals with a mean size of 18 nm of the FCC phase.
Molybdenum atoms cause a high minimal density of
randomly distributed dislocations and large mean
microstrain value. These atoms also hinder alloy nucleus
formation and accelerate formation of an amorphous
matrix. Powder particles were elongated. The maximal
particle length varied between 7 and 30 pm and the
minimal one between 3.5 and 17 pum. The powder
consisted of two morphological particle shapes: larger
particles had a cauliflower shape and smaller particles a
dendrite one. Cauliflower shaped particles contained on
average 35% more molybdenum that the dendrite shaped
ones. The surface layer of powder particles about 10 nm
thick did not have the same composition as the bulk
particles. Adsorbed H,O molecules are on the surface. OH
groups are below the adsorbed layer and then Ni,O; and
MoOj; oxides.
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