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Introduction

Novel, electrodeposited Ni-Mo-W alloys were developed in our past work! and continued in Quarterly report #7,2 with variable
composition, and with interest in tailoring properties. For example, small amounts of tungsten in a deposit can improve the
deposit hardness, wear resistance and corrosion resistance, while molybdenum can also offer similarly improved corrosion
resistance, but also imparts catalytic behavior of interest for generating clean hydrogen.35 From a fundamental point of view,
combining both molybdenum and tungsten elements in a deposit helps to probe their unusual induced codeposition behavior.
Molybdenum and tungsten alloy deposition behavior is characterized by the observation that in aqueous solutions molybdenum
and tungsten ions cannot be fully reduced to a metallic state, but can be completely reduced in the presence of certain elements,
such as nickel, and first reported by Brenner.6 Experimentally, the codeposition of different binary combinations of molybdenum
and tungsten alloys with cobalt, nickel and iron has been widely examined in a variety of aqueous electrolytes. In many of these
electrolytes, ammonium hydroxide is a key component to achieve high current efficiencies in excess of 60%, although with
relatively low amounts of the reluctant metal (i.e., molybdenum or tungsten) in the deposit. Eliminating the amount of ammonia
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in the electrolyte can be used as a strategy to increase molybdenum?# and tungsten® in deposits when codeposited with nickel,
however, with an appreciable drop in current efficiency. The use of ammonium hydroxide in aqueous solutions can also yield
aqueous ammonia depending on the pH, which can be problematic in a plating line, as the ammonia readily volatilizes, and can
be oxidized at the anode,0 thus its concentration is not easy to maintain.

In our past work in electrodepositing Ni-Mo-W alloys, an ammonia-free electrolyte with excess boric acid was used and deposits,
with a reflective, smooth aspect were produced. The current efficiency was fairly low ~10% and could be improved with elevated
electrolyte temperature to 20-30%.2 Interestingly, even with equivalent amounts of molybdate and tungstate ions in the
electrolyte, there was consistently more molybdenum in the deposit. In this report we take a closer look at comparing Ni-W, Ni-
Mo and the ternary alloy Ni-Mo-W, with the use of rotating cylinder electrodes. The electrodes have a small recess to promote a
uniform current distribution.

Experimental

Ni-W, Ni-Mo and Ni-Mo-alloys were electrodeposited onto copper cylinder electrodes at a rotation rate of 517 rpm. The
ammonia-free electrolyte contained 0.375M sodium citrate, 1.0M boric acid, and was maintained at pH 7 at room temperature.
Polarization data were collected using a three electrode cell with a saturated calomel reference electrode (SCE), a sweep rate of
10 mV/sec, and corrected for ohmic drop using impedance spectroscopy. Galvanostatic deposition for one hour was used to
deposit films over a large range of cathodic current density (13-300 mA/cm2). The composition of the alloys was analyzed using
x-ray fluorescence (XRF). The XRF results only reflect the heavy elements and lighter elements such as sodium, carbon and
oxygen were not characterized. The weight of the cylinder electrodes was measured before and after each experiment. When
present, sodium molybdate and tungstate had a concentration of 0.075M, while the amount of nickel sulfate was varied between
values of 0.05M and 0.2M. Six different electrolyte conditions were examined: (a) elemental nickel (0.1M), (b) a binary alloy of
nickel-tungsten with 0.1M nickel species, (c) a binary alloy of nickel-molybdenum with 0.1M nickel species, (d) a binary alloy of
nickel-tungsten with 0.05M nickel species, (e) a binary alloy of nickel-molybdenum with 0.05M nickel species and (f) a ternary
alloy nickel-tungsten-molybdenum with 0.1M nickel species.

Results and discussion

Figure 1 shows the polarization curves for the electrolytes used in depositing elemental nickel and the binary alloys of Ni-W and
Ni-Mo (Fig. 1(a)) having the same electrolyte composition of nickel, and for the binary electrolytes having a lower amount of
nickel species in the electrolyte (Fig. 1(b)) and when they are all combined in a ternary electrolyte, (Fig. 1(c)). All polarization
curves see a sharp increase in the region between -1.3 and -1.4 Vsce. In this region, the deposition of metal or alloy occurs.
There is little difference in the total polarization when the amount of nickels ions is changed.

Figure 2 shows the wt% of (a) tungsten and (b) molybdenum in the binary and ternary alloys. At the same nickel electrolyte
concentration, at lower current densities there is roughly the same amount of molybdenum as tungsten in Ni-Mo and Ni-W alloys,
respectively. With an increase in current density the amount of tungsten decreases, but the molybdenum composition stays
relatively constant. In the ternary alloy, there is more molybdenum in the deposit compared to tungsten, which is consistent with
previous reports.22 A higher tungsten content is observed in the binary Ni-W electrolyte containing 0.05M nickel ions, the
electrolyte with the highest ratio of tungstate to nickel ions. Similarly, the Ni-Mo electrolyte that contained 0.05M nickel ions
contained the highest observed molybdenum content with an average of 80 wt% molybdenum. Even though lowering the
amount of nickel resulted in higher amounts of either tungsten or molybdenum, it is not an expected result since both tungsten
and molybdenum require the nickel to reduce. The very high amounts of tungsten and molybdenum are unfortunately
codeposited at very low current efficiency.
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Figure 1 - Polarization curves with different concentrations of (a) binary electrolytes using 0.1M nickel are combined with
electrolytes containing either 0.075M tungstate or molybdate, (b) binary electrolytes using 0.05M nickel with
electrolytes containing either 0.075M tungstate or molybdate and (c) the ternary Ni-W-Mo system.
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Figure 2 - (a) Tungsten composition in Ni-W and Ni-Mo-W deposits, and (b) molybdenum composition in Ni-Mo and Ni-Mo-W
deposits produced at different applied current densities.

Figure 3 shows the current efficiency for elemental nickel. At low cathodic current density, in this electrolyte at room
temperature, the current efficiency is ~40-45%. However, at this cathodic current density, when tungstate and molybdate are
present no deposits occur. Only when the cathodic current density is significantly higher does the alloy form. In Fig. 3(b), the
addition of molybdate ions to the electrolytes leads to significantly lower current efficiencies with values around 1-3%. While this
is not a practical deposition condition, these results point to the interesting behavior of molybdate in the electrolyte compared to
tungstate. The addition of tungsten ions in the solution leads to a decrease in current efficiency, but the effect is less
pronounced in comparison to similar experiments containing molybdate ions. For all electrolytes, the efficiency dropped with
increasing applied current density. The trend observed here correlates with previous studies reporting molybdenum is as a
better hydrogen catalyst than tungsten in sputtered deposited films.t
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Figure 3 - Current efficiency in (a) electrolytes with tungstate ions, and (b) where molybdate is present.

The quantification of partial current density of the different alloys was made based on the assumption that the lighter elements
composed a small fraction of the final alloy, and that steady state is achieved during deposition. The partial current densities of
different alloys were calculated using Faraday’s law. The calculated partial current densities are presented in Fig. 4(a)-(d). The
deposits were produced galvanostatically and the partial current densities were plotted as a function of the measured potential.
The partial current density of nickel, Fig. 4(a), drops by an order of magnitude when 0.075M molybdate sulfate is added to any
solution. The effect of adding tungsten is not as severe, but it also leads to a decrease in the partial current density of nickel. In
the ternary systems studied, the addition of molybdenum and tungsten ions to a solution of nickel leads to a decrease of two
orders of magnitude.

A possible mechanism governing the depositions of molybdenum and tungsten in conjunction with the iron group metals occurs
through an absorption mechanism, involving complexed nickel-citrate species and assuming the formation of a mixed-metal
intermediate that adsorbs onto the electrode surface.

NiCit™ + 26™> Ni (s) + Cit (1)
X042 + NiCit” + 2H:0 + 26~ > [NICitXOsJass + 4OH™ @)
[NICitXOzJass + 2H20 + 4e” > X (s) + NiCif + 40H 3)
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where  X=Wor Mo.

The model did not aim to capture all the complexities involved in the deposition such as citrate complexation, but gives a general
understanding of the underlying principles regarding the deposition of Ni-Mo-W alloys. These observations are consistent with
reaction conditions where molybdenum complexes occupy a large portion of the surface coverage, and in turn limit the amount of
surface coverage available for the tungsten and nickel deposition reactions to occur. In Fig. 4(c), the partial current density of
molybdenum is shown to vary little across different applied current densities. Also, the partial current densities of both
molybdenum and tungsten were not significantly changed by their species concentrations in the electrolyte, suggesting a zero
order kinetic control. A limiting reaction step of the reduction of molybdenum complex to a solid molybdenum deposit is believed
to be the cause. We postulate that this results in a much higher absorption of Mo-intermediates than W-intermediates. This is

also consistent with the observation that when molybdenum and tungsten are codeposited with nickel there is more
molybdenum.
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Figure 4 - Partial current density of (a) nickel, in the Ni-Mo and Ni-Mo-W electrolytes (left) and Ni-W and elemental nickel (right),
(b) tungsten, (c) molybdenum and (d) side reaction in the Ni-Mo and Ni-Mo-W electrolytes (left) and Ni-W and
elemental nickel (right).

The deposition of nickel without tungsten or molybdenum led to a non-uniform brownish surface. The appearance is dull, and
the optical image in Fig. 5 shows a surface with little indication of micro-size cracks. Variations were indistinguishable between
different applied current densities.

In comparison, when 0.075M tungsten is codeposited with 0.1M nickel, a uniform and highly shiny surface is deposited (Fig.
6(a)). Some cracks are perceptible on the surface of this deposit. Of note, this sample exhibited a shiny, gray finish. When the
amount of nickel is decreased by a factor of two, the resulting alloy still has a smooth surface but loses some of its shiny aspect.
When the same comparison is done with 0.075M molybdenum, the electrolyte containing only 0.05M nickel was seen to be
shinier (Fig. 7), even at very high current densities. The molybdenum-containing alloys exhibit no major perceptible crack on the
surface. Different applied current densities did not lead to major changes on the deposit surfaces.

Figure 5 - Optical image and photograph of 0.IM nickel deposit using an applied current density of 50 mA/cm?2.
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Figure 6- ticaI image and phtgrph of 0.IM nicI-0.075M tungsten deposit using an applied current density of 50
mA/cm2,

Figure 7 - Opticl image and phétogfpho 0.1M nickel-
mA/cmz,

.075M molybdenum deposit using an applied current density of 200

The ternary alloy containing Ni-Mo-W (Fig. 8) was most shiny at applied current densities below 100 mA/cmz, and became
progressively duller with increased applied current density. The surfaces had no perceptible cracks at this scale.

Conclusions

A comparison of alloy composition, and partial current densities, were examined from Ni-Mo, Ni-W and a combined Ni-Mo-W
electrolyte. The binary alloys resulted in very high quantities of the reluctant metal, molybdenum or tungsten, in the deposit over
a wide range of current density. When molybdate ions are added to an electrolyte containing nickel ions resulting in Ni-Mo
alloys, there is a large decrease in current efficiency due primarily to a drop in the nickel partial current densities at similar
applied current density as well as to a significantly larger side reaction. The same effect is observed with the addition of
tungstate ions to a similar nickel electrolyte, but these effects are shown to be smaller in magnitude. When tungstate and
molybdate are electrodeposited concurrently in a nickel-containing electrolyte, there is an inhibition of the nickel and tungsten
partial current densities by molybdenum. Additionally, the molybdenum partial current density and composition are maintained
across a wide range of applied current density for the studied conditions. In the case of Ni-W alloys, the nickel reaction becomes
more dominant at high applied current density. An absorbance mechanism for nickel, tungsten and molybdenum reactions
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explain the observed results well, and is believed to indicate a limiting step in the reduction molybdenum complex to
molybdenum deposit. Uniform and shiny Ni-W, Ni-Mo and Ni-Mo-W can be deposited, despite the low current efficiency.

Flgure 8 - Optical image and photographof 0.1M nickel-0.075M molybdenum-0.075M tungsten deposit using an applied current
density of (a) 100 mA/cm? and (b) 250 mA/cm?,
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