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Abstract

Electrodeposition of Ni-Mo alloy powders from ammonium sulfate and ammonium chloride containing elec-
trolytes of different Ni/Mo ions concentration ratios was investigated by polarization measurements. The
morphology, chemical composition and phase composition of electrodeposited Ni-Mo alloy powders were
investigated using DSC, TGA, SEM, EDS and XRD analysis. EDS results showed that powder composition
depends on Ni/Mo ions concentration ratio, as well as on the position where the EDS analysis was performed.
As-deposited alloy powders were nanocrystalline showing no XRD peaks with undefined morphology (SEM).
After recrystallization for 2 h in N, atmosphere at 600°C the presence of NiMoO, phase was identified in the
powder electrodeposited from chloride electrolyte at the Ni/Mo ions concentration ratio 1/3, with well defined
crystalline powder particles.
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L. Introduction Most of the papers concerning electrodeposition
of compact Ni-Mo alloy coatings are dealing with the
mechanism of their deposition (mechanism of induced
co-deposition) [14—-17].

Only a few papers are devoted to morphological and
phase composition characterization of these alloys [18—
21]. It was found by XRD analysis that Ni-Mo alloys
electrodeposited from citrate bath (pH 8.5-9.5) contain
NiMo solid solution, with diffraction peaks being sharp
at lower content of Mo (up to 12 wt%) and wide at high
content of Mo (30 wt%) [20]. In the same paper TEM re-
vealed the same solid solution with the grain size rang-
ing between 4 nm and 17 nm (average 5 nm). Similar
conclusion was made by the XRD analysis of Ni-Mo al-
loys electrodeposited from pyrophosphate-ammonium
chloride bath (pH 8.5) [21]. It was also demonstrated by
EDS analysis [18,19] that electrodeposited Ni-Mo al-
loys with higher amount of Mo contain up to about 50
at% of oxygen. XRD showed sharp diffraction peaks

Nickel-molybdenum alloys possess several useful
properties, while their catalytic activity for hydrogen
evolution was one of the most investigated property in
the literature [1-8].

Ni-Mo alloys can be produced by several methods,
from which metallurgical ones are not convenient be-
cause of easy oxidation and high melting temperature
of molybdenum. Powder metallurgy and mechanical
alloying [9,10], spark plasma sintering [11] and laser
cladding [12] are mostly used for Ni-Mo alloy prepa-
ration. All above mentioned methods are expensive in
comparison with the electrodeposition of Ni-Mo alloy
coatings. Although molybdenum cannot be separately
deposited from aqueous solutions, it can be co-deposi-
ted with the iron-group metals (Fe, Ni, Co) in the pres-
ence of appropriate complexing agents, by the type of
alloy deposition defined by Brenner [13] as induced co-

deposition. . . . . . .
corresponding to Ni-Mo solid solution and Ni,Mo inter-
metallic compound [19], while XPS analysis revealed
that in the alloy with higher amount of Mo, among me-
tallic Mo, a mixture of polyvalent molybdenum oxides
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It should be emphasized here that there are no pa-
pers in the literature concerning electrodeposition of
Ni-Mo alloy powders and their characterization.

In this paper an attempt was made to investigate the
process of Ni-Mo alloy powders electrodeposition from
ammonium sulfate and ammonium chloride contain-
ing electrolytes, as well as their morphology, chemical
composition and phase composition.

I1. Experimental Procedure

Polarization diagrams were recorded in a three-com-
partment standard electrochemical cell at the tempera-
ture of 25.£.1°C. The platinum foil counter electrode and
the reference— saturated silver/silver chloride, Ag|AgCl
— electrode (E ;= 0.20 V vs. NHE) were placed in sep-
arate compartments. The latter was connected to the
working electrode by a Luggin capillary positioned at
the distance of 0.2 cm from the working electrode sur-
face. The working electrodes were either glassy carbon
or Ni rod (d = 0.3 c¢cm) sealed in epoxy so that only the
surface area of the disc 0of 0.071 cm? was exposed to the
solution and was placed parallel to the counter electrode
in a vertical position. Before each experiment working
electrode surface was polished down to 0.05 pm alumi-
na impregnated polishing cloths, cleaned in an ultrason-
ic bath for 10 min., thoroughly washed with distilled
water and transferred to the electrochemical cell.

Polarization measurements were performed by a
computer-controlled potentiostat (PAR M273A) using

the corrosion software (PAR M352/252, version 2.01)
with the sweep rate of 1 mV s!. For obtaining polari-
zation curves corrected for /R drop, current interrupt
technique was used with time of current interruption
being 0.5 s.

All powders were electrodeposited at the room tem-
perature in the cylindrical glass cell of the total volume
of 1 dm? with cone shaped bottom of the cell in order to
collect powder particles. Ni-Mo alloys were deposited
under galvanostatic conditions on Ni or glassy carbon
cylinder (d = 0.5 cm, £ = 3 cm) at appropriate limiting
current density. All solutions were made from analyti-
cal grade purity chemicals and distilled water. Details
of the conditions for powders electrodeposition are giv-
en in Table 1.

The morphology of the electrodeposited powders
was examined using scanning electron microscopes
(SEM), JEOL JSM-6460LV equipped with an energy-
dispersive X-ray spectroscopy (EDS), Oxford Instru-
ments INCA X-sight system and Tescan VEGA TS
5130MM.

The thermal behavior of powders was investigated
from room temperature to 900°C using an SDT Q600
simultaneous DSC-TGA analyzer (TA Instruments) and
alumina crucibles with a heating rate of 20°Cmin' un-
der a dynamic N, atmosphere.

The phase composition of the powders was inve-
stigated using a PHILIPS PW 1050 X-ray powder dif-
fractometer.

Table 1. Main characteristics of the electrolytes and conditions of powders electrodeposition

Sample Working Ni/Mo Ni?* [M] Bath composition pH Jiep
No. electrode (Bath No.) [A cm?]
0.02M NiSO,; 0.04M Na,MoO,
1 Ni 12 0.02 IM (NH,) ,SO,; 0.7M NH,OH 9.4 1.1°
(BI)
0.02M NiSO, 0.12M Na,MoO,
2 Ni 1/6 0.02 IM (NH,) ,SO,; 0.7M NH,O 9.4 1.12
(B2)
0.IM NiCl; 0.1M Na,MoO, 05
3 Ni 1/1 0.1 IM NH,CI; 0.7M NH,OH 9 ’
1.1
(B3)
0.IM NiCl; 0.05M Na,MoO
Glassy 2 2 4 '
4 1/0.5 0.1 IM NH,CI; 0.7M NH,OH 9 1.32
Carbon 4 4
(B4)
0.IM NiCl,; 0.1M Na,MoO,
5 Glassy 11 0.1 IM NH,CI; 0.7M NH,0H 9 23
Carbon 4 4 1.2
(B4)
0.1M NiCl; 0.3M Na, MoO
Glassy 2 2 4 )
6 173 0.1 IM NH,CI; 0.7M NH,OH 9 1.2
Carbon 4 4
(BS)
0.2M NiCl; 0.1M Na, MoO
Glassy 2 2 4 '
7 2/1 0.2 IM NH,CI; 0.7M NH,OH 9 1.6*
Carbon 4 4

(B7)

*The current density corresponding to point B on Fig. 1.
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Figure 1. Polarization diagrams for Ni-Mo powders electrodeposition onto Ni electrode (a) and onto glassy carbon electrode
(b) Numbers of powder samples are marked in the figure (see Table 1).
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Figure 2. Morphology of as-deposited powders obtained from sulfate electrolytes onto Ni electrode (samples 1 and 2)
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Figure 3. Morphology of as-deposited powders obtained from chloride electrolytes onto
glassy carbon electrode (sample 4)

II1. Results and Discussion

Polarization measurements

Polarization curves recorded in different baths (see
Table 1) are shown in Fig. 1. As can be seen similar
shapes of polarization curves recorded onto Ni (a) and
glassy carbon (b) electrodes are obtained, character-
ized by two inflection points. The first inflection point
(A) reflects the beginning of alloy deposition, while the
second one (B) corresponds to the moment when the
deposition process is controlled by the rate of hydro-
gen bubble formation (explained in our previous pa-
pers [22,23]). It is important to note that the potential
of the beginning of alloy deposition (A) becomes more
negative with the increase of molybdenum ions con-
centration (with the decrease of Ni/Mo ratio) in both
solutions, which is in accordance with the theory of in-
duced co-deposition [13]. At the same time much high-
er current densities are recorded for electrodeposition
of Ni-Mo alloys from chloride containing electrolytes
on glassy carbon electrode (Fig. 1b). Such a behavior is
most likely due to more pronounced nucleation on for-
eign substrate (glassy carbon) in comparison with the
Ni electrode (where usually epitaxial growth occurs).
Growth of separate nuclei, followed by their transfor-
mation into dendrites, causes formation of rougher sur-
face and accordingly higher current density of alloy
electrodeposition. At the same time the presence of dif-
ferent anions, having different dimensions and adsorp-
tion properties, could also influence the process of Ni-
Mo alloy electrodeposition, causing different values of
current density.

It should also be mentioned that the current effici-
ency for alloy deposition in all cases is very low, up to
5%.

Morphology of as-deposited powders

All powders for morphological, compositional and

phase composition analysis were deposited at the val-

14

ue of the current density corresponding to the inflection
point B (see Table 1), except powder samples 3 and 5
which were deposited at two values of the current den-
sity. In the case of powder sample 3 the deposition cur-
rent density was set at a half of the one corresponding
to point B, while in the case of the sample 5 the deposi-
tion current density was set at a higher value than that of
point B, in order to determine the influence of the cur-
rent density on the morphology. No influence of the cur-
rent density on the morphology of sample 5, deposited
either at the current density of point B or at higher cur-
rent density (Table 1), was detected. In the case of the
sample 3, more pronounced presence of a compact de-
posit was detected for current density of 0.5 A cm~than
for that corresponding to the point B (1.1 A cm™?). The
morphology of as-deposited powders depends on the
material of working electrode, the presence of anions,
as well as on the Ni/Mo concentration ratio.

Powder particles electrodeposited onto Ni from sul-
fate electrolyte are shown in Fig. 2. As can be seen (Fig.
2a) size of the particles vary in the range 20-200 pm
and all of them are characterized by the presence of
cracks (Fig. 2b-d). Two types of particles are detected:
cauliflower type particles (Fig. 2a,b) and particles char-
acterized with flat and rounded edges (Fig. 2c¢,d).

Powder particles electrodeposited onto glassy car-
bon from chloride electrolyte are shown in Figs. 3 and
4. As can be seen (Fig. 3a,b) size of the particles is
smaller in comparison with those electrodeposited from
sulfate electrolyte, varying in the range 5-50 pm. Their
morphology is found to depend on the Ni/Mo concen-
tration ratio. At the highest Ni/Mo ratio of 1/0.5 (Fig.
4b,c) cracks are not present on the particles and crys-
talline structure could be detected on the top surface of
the particles. With the decrease of the Ni/Mo ratio (1/1)
cauliflower type particles (Fig. 4a) with rounded edges
(Fig. 4b) are obtained characterized with the presence
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Figure 4. Morphology of as-deposited powders obtained
from chloride electrolytes onto glassy carbon electrode:
(a, b — sample 5; ¢ — sample 6)

of cracks. In the case of Ni/Mo ratio of 1/3 (Fig. 4c) flat
and thin parts of the particles are covered with rounded
agglomerates and cracks are more pronounced. The ap-
pearance of large number of cracks is the results of high
tensile stresses present in the powder and the hydrogen
evolution [20].

Approximate composition of as-deposited powders

The approximate compositions of all alloy powders,
evaluated by EDS microanalysis, are given in Table 2.
It was found that the composition not only depends on
Ni/Mo concentration ratio, but also on the position of
the powder particle at which the EDS analysis was per-
formed. These results indicate the presence of signifi-
cant amount of oxygen in the powders, as well as the
non-homogeneous composition of as-deposited pow-
ders.

XRD analysis of as deposited and
recrystallized powder

Phase composition analysis of the powders was per-
formed using XRD. The results show that no peaks are
detected on as-deposited powders (except one halo ob-
served near 20 = 44 ° (see Fig. 5 — amorphous), since
the crystallites were extremely small, i.e. of the order
of nanometer. It was obvious that Ni-Mo alloy powders
should be previously recrystallized in order to deter-
mine their phase composition. Before recrystallization
sample 6 was analyzed by DSC and TGA in order to
determine recrystallization temperature. As can be
seen in Fig. 6 sharp peak on the DSC curve at 543°C
indicates that recrystallization should be performed at

Table 2. Approximate composition of Ni-Mo alloy powders as a function of Ni/Mo ions ratio,
type of the bath and the position of EDS electron beam at the powder particle

Bath No. Ni/Mo at% O, at % Ni at % Mo
69 5 26
Bl 12 79 ] 20
86 1 13
B2 1/6 67 4 29
B3 1/1* 81 3 15
60 18 22
B3 0 51 16 33
B6 1/3 66 16 18

" Working electrode: Ni
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Figure 5. XRD of powder sample 6 before (amorphous)
after recrystallization (recryst.)

this or higher temperature. Recristallization was per-
formed in N, atmosphere at 600°C for 2 h. XRD analy-
sis revealed structural transformation and formation of
NiMoO, phase in the powder, as can be seen in Fig. 5
(recryst.). With the exception of a few small peaks, all
other peaks correspond to the NiMoO,

The example of the recrystallized powder (sample 6)
particles is shown in Fig 7. The regular crystals are ob-
tained with smooth surfaces (Fig. 7b) and well defined
crystal planes. The size of particles is seen to be much
smaller (< 5 um, Fig. 7a) than the size of as deposited
particles, indicating that during the process of recrys-
tallization agglomerates formed during electrodeposi-
tion separate into much smaller crystals. Such a change
is most likely the consequence of a possible chemical
reaction occurring during the process of recrystalliza-
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Figure 6. DSC and TGA of powder sample 6 phase, indicat-
ing that it is possible to obtain single phase Ni-Mo powder
by electrochemical deposition

tion (annealing), indicated by a small peak positioned at
about 490°C on the DSC curve (Fig. 6).

IV. Conclusions

The morphology and composition of obtained pow-
ders depend on the anion present in the solution, mate-
rial of the working electrode, as well as on the Ni/Mo
ions concentration ratio. However, according to EDS
results the chemical composition of powder is not ho-
mogeneous. XRD analysis reveals that the alloy powder
has crystalline structure after recrystallization with the
presence of single NiMoO, phase in the powder electro-
deposited at Ni/Mo ratio 1/3 from chloride electrolyte
onto glassy carbon electrode.
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Figure 7. Morphology of recrystallized powder of sample 6
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