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Introduction

Beginning in January 2013, the NASF, through the AESF Foundation Research Board, funded a three-year project on alloy
plating at Northeastern University, in Boston, under the direction of Dr. Elizabeth Podlaha-Murphy, with emphasis on nickel-
molybdenum-tungsten deposits. In 2016, a one-year extension was granted to examine the influence of oxide particulates
codeposited with different combinations of Ni, Mo and tungsten alloys on the resulting deposit composition in the generation of
novel alloy composites. What follows is the fourth and final report on this new work, involving Ni-W-TiO2 composite plating with
the additive 2-butyne-1,4-diol under direct current, pulse current and pulse reverse modes of deposition.

In our previous report, Ni-W-TiO2 composite electrodeposits were fabricated under pulse current (PC) conditions, and compared
with deposits electrodeposited under direct current (DC) conditions, to examine the effect of PC on deposit composition and
partial current density. With PC deposition, the deposit tungsten content was slightly decreased, with an accompanying slight
increase in titania and nickel content. Interestingly, under PC deposition, the partial current densities of nickel and tungsten were
both enhanced, with a larger enhancement of nickel than tungsten, consistent with the metal compositional changes. In the DC
deposition of Ni-W alloys, the addition of particles into the alloy created a duller and rougher surface finish. At the microscopic
level, as observed by SEM, PC deposition did not significantly alter the nodular size of the surface features, although it did have
an effect of reducing small pits caused by the co-evolving hydrogen side reaction. Preliminary studies combining the additive 2-
butyne-1,4-diol (BD) with PC deposition, however, showed an improvement of the surface aspect.

In this report, the influence of BD was further examined. The addition of BD was studied in Ni-W electrodeposition, without TiO2
particles, in our previous 8t and 9t quarterly reports.’2 Others have noted a brighter and smoother appearance of Ni-W alloys
with BD in an ammonium ion-containing electrolyte,4 and we similarly found a shinier deposit in an ammonia-free electrolyte.
Wu, et al.% noted that BD enhanced the water reduction side reaction, and not only did we similarly observe an increase in
hydrogen evolution, but found that the metal reduction rates were also reduced, at a similar pH of 8, leading to substantially
lower current efficiency. It was thought that the lower metal reduction rates were inhibited not only by a blocking effect of
adsorbed BD, but perhaps more substantially by the adsorbed hydrogen that it promotes. Since there is this unwanted trade-off,
PC deposition may be able to counteract the inhibition effect of the metal reduction reactions, by allowing for desorption of
hydrogen intermediates during the “off” or relaxation part of the pulse cycle. A pulse reverse deposition, with a small anodic
component, is also expected to facilitate desorption of adsorbed hydrogen intermediates.

In an effort to improve the surface morphology of the Ni-W-TiO2 composites, we report here on the use of BD in our former
electrolyte comparing DC, PC and PR deposition. A goal of this study was to see if the addition of TiO2 particles in the
electrolyte, and co-deposited with the alloy, changed the beneficial improvements in morphology by BD. The amount of BD in
the electrolyte was varied. The composite was plated using a rotating Hull cell, followed by composition and thickness analyses
to determine how BD effected deposit composition, partial current density, side reaction and current efficiency.
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Similar to tungsten, molybdenum cannot reduce alone in aqueous solution, but requires iron group elements, such as nickel, to
induce its deposition.5 In order to examine if our results could be translated to the Ni-Mo system, a preliminary investigation of
the effect of titania particles on Ni-Mo induced codeposition behavior is also presented in this report. Sodium tungstate was
simply replaced with the same amount of sodium molybdate in the electrolyte, while keeping the other conditions the same as
our previous study.

Experimental

A boric acid (1.0M), sodium citrate (0.285M), ammonium-free electrolyte was used for the electrodeposition. The Ni-W
electrolyte contained 0.1M nickel sulfate and 0.15M sodium tungstate, and the Ni-Mo electrolyte contained 0.1M nickel sulfate
and 0.15M sodium molybdate. The electrolyte pH was 8, adjusted with sodium hydroxide, and the titania particle (particle
diameters less than 44 microns, -325 mesh) concentration was 12.5 g/L. To examine the effect of BD concentration on the Ni-
W-TiO2 composite deposition, 0, 1 and 5 mM BD were added to the electrolyte. To examine the cooperative effect of BD with PC
and PR on Ni-WTiO2 composite deposition, a constant BD concentration of 5 mM was used. A double-jacketed cell using a
water bath was employed to maintain the electrolyte temperature at 25°C in all cases.

Electrodeposition was carried out on copper covered brass cylinder electrodes, having a diameter of 0.6 cm and length of 8 cm.
A rotating Hull cell was used with an electrode rotation rate of 500 rpm to quickly survey different current densities. A plastic
cylinder was placed between the anode and the cathode to create the current distribution. When studying the effect of BD
concentration on Ni-W-TiO2 composite deposition, the average applied cathodic current density was 33 mA/cm? for 30 minutes.
When studying the effect of titania particle on Ni-Mo deposition, the average applied cathodic current density was 50 mA/cm? for
30 minutes.

Polarization curves were measured for both investigations, using a rotating cylinder electrode. The polarization measurements
were performed by increasing the applied potential from the open circuit potential to a large enough potential to achieve the
current density range that was examined in a rotating Hull cell configuration. The scan rate was 2 mV/sec, and the electrode
rotation rate was the same value used in the rotating Hull cell experiments. When studying the cooperative effect of BD with PC
and PR on Ni-W-TiO2 composite deposition, the average deposition current density was 33 mA/cm? for all cases, with the off-
time current density being zero for the PC deposition and the reverse current density being +5 mA/cm? for the PR deposition.

The pulse frequency was 20 Hz and the duty cycle was 0.6. The total applied pulsing time was 200 minutes, and the total on-
time, where deposition occurred was 120 min.

200 BD Concentration A potentiostat/galvanostat current generator

=0 mM 0 mM BD (Solartron, model 1287A) was used for both DC

160 —1 mM electrodeposition and linear sweep voltammetry. The
pulse or pulse reverse waveforms were generated
with a function generator (AMEL, model AMEL 568)
connected to a potentiostat (PINE Instrument
Company, model AFCBP1). The deposit composition
and thickness were measured using x-ray
fluorescence (XRF), (Kevex, model Omicron), in an
air environment.

120 ! 1 mM BD

80

-i (mA/cm?)

10
5 mM BD

0

0.8 1 1:2 1.4 1.6 Results
-E (V) vs SCE
Figure 1 - Polarization curves of the Ni-W-TiO; citrate-boric acid Variable BD concentration
electrolyte at 500 rpm, 25°C with 0, 1 and 5 mM BD.

Polarization curves. Figure 1 shows the polarization
curves of Ni-W-TiO2 with different concentrations of BD in the electrolyte. With increasing amounts of BD, the polarization curves
were shifted to more negative potentials. Srinivasan and Bapu® also observed a similar trend of inhibiting the total current
density with an increasing concentration of BD, in a nickel-based electrolyte.
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Composition. With the rotating Hull cell under DC conditions, a primary current distribution was assumed, as justified in our
previous reports by evaluating the Wa number and verifying that it was significantly lower than 1. Figure 2 shows the variation in
deposit composition with variable BD concentration in the electrolyte at different estimated local current densities along the
cathode of the rotating Hull cell. For a BD-free electrolyte, the tungsten composition in the deposit, as shown in Fig. 2(a), is
relatively constant at 55 wt% between 20 and 100 mA/cm2. Adding 1 mM BD slightly decreased the deposit tungsten content at
low cathodic current densities up to ~40 mA/cm2, but it had no significant effect at higher current densities. A larger BD
concentration of 5 mM had a dramatic change in the deposit composition at the mid to high current density ranges. In this
region, the tungsten deposit concentration dropped to ~ 30 wt%. Figure 2(b) shows that with no BD added, the amount of titania
in the deposit was almost constant (~5 wt%) over the entire range of current densities studied. With a low concentration of BD (1
mM), the amount of titania in the deposit slightly increased at low cathodic current densities below 60 mA/cm2, but remained
unchanged at higher current densities compared to the case when there was no BD in the electrolyte. With the high
concentration of BD (5mM), the deposit titania content exhibited unusual behavior. It was lower compared to the case where no
BD was present at cathodic current densities lower than 60 mA/cm?, but the titania content increased at higher current densities.
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Figure 2 - Ni-W-TiO2 deposit composition with variable BD concentration: (a) wt% tungsten and (b) wt% TiO2.

Partial current densities. Figure 3 shows the effect of BD concentration on the partial current density of nickel and tungsten. The
polarization curves (Fig. 1) allow for a correlation between the estimated, local current density and the working electrode
potential. Using the thickness measurement provided by the XRF and Faraday’s law, the partial current densities can be
determined. As expected from previous studies without TiOz, a high concentration of BD in the electrolyte inhibits the reduction
rate of nickel (Fig. 3(a)) and tungsten (Fig. 3(b)). In the region where the tungsten content decreased, the reduction rate of
tungsten was inhibited more than that of nickel, which is reflected in less tungsten in the deposit.
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Figure 3 - Partial current densities of Ni-W-TiO2 composite deposition with variable BD concentration: (a) nickel and (b) tungsten.
Side reaction and current efficiency. Figure 4(a) shows the effect of BD concentration on the side reaction. The side reaction

was unexpectedly inhibited with increasing concentration of BD in the electrolyte. In contrast, the current efficiency was lowered
with increasing concentration of BD (Fig. 4(b)) as a result of the lower metal reduction rates. Therefore, the shift observed in the
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polarization curves (Fig. 1) to more negative potentials was due to the inhibition of both metal reduction and side reaction with
the addition of BD.
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Figure 4 - Side reaction (a) and current efficiency (b) of Ni-W-TiO2 composite deposition with variable BD concentration.

Deposit appearance. Figure 5 shows the appearance of the Ni-

W-TiO2 deposit obtained on the rotating Hull cell with varying '5:“;;:?”“‘
concentrations of the BD in the electrolyte. The low current ]
density region of the cathodes is at the top of the photograph.

The deposit appearance is perhaps slightly brighter and smoother

with increasing BD concentration near the high current density

region, although not to the degree desired and still fairly rough,

thus motivating our study to see if applying a pulse waveform

would improve the morphology.

BD with PC and PR composite deposition

high
Composition. When investigating PC and PR deposition onto a current
rotating Hull cell, the current distribution is not at steady state and AR
an estimate of the local current density is not straight forward.
Thus, the composition is presented as measured along the
dimensionless length of the electrode, L = x/h, with x being the
distance from the low current density end of the working electrode
and h being the total length of the working electrode. Figure 6 compares the deposit composition of a DC plated deposit with PC
and PR plated deposits. The rotating Hull cell design is expected to provide a current distribution along the working electrode.
The amount of BD was 5mM BD in the electrolyte, and the frequency was 20 Hz with a duty cycle of 0.6 for PC and PR
deposition. Figure 6(a) shows that PC and PR had similar effects, increasing the amount of tungsten in the deposit, particularly
in the high current density region. Figure 6(b) shows that PC and PR had a modest effect on the particle composition.

Figure 5 - Photographs of Ni-W-TiO2 composite coatings
plated with (a) 0 mM, (b) 1 mM and (c) 5 mM BD in the
electrolyte for 30 min.

Deposit thickness and partial current density. Since the local current density is less definitive, due to the changing current
distribution during pulsing, the calculation of the current efficiency is not as straightforward compared to the DC case (Fig. 4(b))
from the rotating Hull cell. However, changes in the deposit thickness, and thus, the metal partial current densities, reflect
changes in the current efficiency. Figure 7 shows the deposit thicknesses of the DC, PC and PR fabricated films along the
electrode in the presence of 5mM BD, with the same deposition on-time and the calculated partial current densities of nickel and
tungsten. In Fig. 7(a), particularly near the high cathodic current density region, the deposits generated by PC and PR are
thicker and therefore, have a higher current efficiency. Figure 7(b) shows that PC and PR enhanced the reduction of both nickel
and tungsten at high current densities, and the enhancement was more significant with PC deposition. Assuming an adsorption
mechanism, during the deposition, the adsorbed intermediate metal ion species, Niads and Wads were formed on the cathode
surface, as well as adsorbed hydrogen Hags. If the off-time (for PC) and reverse-time (for PR) facilitated the desorption of Hads
from the cathode surface, more surface area was available for the metal reduction, and thus the partial current densities
increased. The differences in composition with PC and PR can be viewed from the point of view of changing metal intermediate
species. In PR deposition, in addition to facilitating the desorption of hydrogen, Hags, the reverse current density may have also
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led to less Niads and Wags on the cathode surface, or oxidation of the metal back to its ions, which in turn decreased the metal
reduction rate. Therefore, PC had more significant effect on improving the partial current density than PR.
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Figure 6 - Ni-W-TiO2 deposit composition of (a) wt% tungsten and (b) wt% TiO2 under DC, PC and PR conditions, in the

presence of 5SmM BD, with respect to a dimensionless length L, representing lower and higher current densities with smaller and
larger values, respectively.

Deposit appearance. A photograph of the electrodes are presented in Fig. 8 which shows the appearance of the Ni-W-TiOz
composite deposits obtained under PC and PR (from left to right) modes. The low current density region of the cathodes is at
the top of the photograph. Near the mid to high current density region, where L is between 0.5 and 0.8, the deposits plated with
PC and PR deposition contained equal or slightly higher titania content and were significantly brighter than the DC plated
deposits (Fig. 5(c)). In our past report,” it was noted that the morphology of the deposit became rougher as the particle

incorporation increased. Thus, the PC and PR deposition, together with BD, was able to not only improve the morphology but
also retain, and not decrease the amount of particles in the deposit.
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Figure 7 - Deposit thickness (a) and partial current density (b) of nickel and tungsten under DC, PC and PR conditions, in the

presence of 5SmM BD, with respect to a dimensionless length L representing lower and higher current densities with smaller and
larger values, respectively.
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Figure 8 - Photographs of Ni-W-  Figure 9 - Polarization curves of Ni-Mo deposition with and without TiO particles.

TiO2 composite coatings plated
with (a) PC and (b) PR, 5mM BD
for a total time of 200 min (on-
time: 120 min).

Comparing DC Ni-W-TiO2 with Ni-Mo-TiO2 composite deposition

Polarization curves. Figure 9 shows that the polarization profile of the molybdenum-containing electrolyte, replacing the sodium
tungstate with sodium molybdate. It was not altered by adding the particles in the electrolyte. Comparing the polarization
behavior with Fig. 1 for the Ni-W-TiO2 electrolyte, the Ni-Mo-TiOz electrolyte polarization curve rises with smaller overpotentials,

indicative of a larger side reaction.

Figure 10 compares the appearance of Ni-Mo deposits with and
without 12.5 g/L titania particles in the electrolyte, under DC
deposition. The low current density region of the cathodes is at the
top of the photograph and in this region no deposit was formed,
although gas bubbles were evident and thus the hydrogen evolution
side reaction occurred. Deposition took place at the high current
density end, regardless of whether the particle was present or not in
the electrolyte, unlike the Ni-W-TiO2 electrodeposition.

Composition and thickness analyses were performed for the part of
the working electrode where the deposit thickness was larger than 0.1
pm, as outlined in Fig. 10. The deposit composition at different local
current densities along the electrode is shown in Fig. 11. A primary
current distribution was assumed as the experiments were conducted
under a single, average applied current density. Figure 11(a) shows
that the weight percentage of molybdenum was almost the same for
both deposits with and without added TiO2 in the electrolyte. The
titania content was only ~1 wt% in the deposit, (Fig. 11(b)). Moreover,
the reduction rate, or partial current densities of both nickel and
molybdenum remained almost unchanged in the presence of the

low current
density

high
current
density
Figure 10 - Photographs of Ni-Mo coatings (a) with-
out and (b) with the addition of 12.5 g/L titania parti-
cle loading in the electrolyte with 5mM BD.

particle, as shown in Figs. 11(c) and (d). The potential scale was determined by using the estimated local current density and
determining the corresponding potential from the polarization curve in Fig. 9. In this case, the potential range is narrow on
account of the large side reaction, limiting the potential window of deposition. Recalling our previous study on Ni-W deposition
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with the same titania particle loading, the titania content was ~6 wt% over the entire working electrode. The observed results
indicate that the titania incorporation rate acts differently for the electrodeposition of Ni-Mo alloys as compared to Ni-W alloys.
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Figure 11 - Ni-Mo and Ni-Mo-TiO2 deposit composition: (a) wt% Mo, (b) wt% TiO2 and the partial current densities of (c) Mo and
(d) Ni.

Conclusions

While the use of the 2-butyne-1,4-diol (BD) additive is best known to improve the morphology of nickel and Ni-W alloys, it
however, did not always do so for the electrodeposited Ni-W-TiO2 composites. However, combining BD together with a pulsing
scheme was the “magic bullet.” To summarize, the following observations characterized the influence of BD during DC, PC and
PR deposition on Ni-W-TiO2 composites; a comparison between Ni-Mo versus Ni-W alloys deposited in the presence of TiO2
particles in the electrolyte also show that these two alloy systems are less alike than expected.

1. Ni-W-TiO2 composite coatings were electrodeposited under DC conditions with different concentrations of additive BD in
the electrolyte. The addition of BD decreased the deposit tungsten content, and altered the amount of TiO2 in the
deposit. How it changed the TiO2 was dependent on the current density. The metal reduction rate and side reaction rate
were both inhibited with increasing BD concentration, and the deposits did not become significantly brighter.

2. Ni-W-TiO2 composite coatings were electrodeposited, with DC, PC and PR, with 5mM BD. Both PC and PR increased
the amount of tungsten in the deposit, but didn’t significantly change the amount of titania incorporated within a wide
range of current density. Under PC and PR conditions, deposits with a brighter surface were obtained, while keeping the
titania content similar to that of DC plated deposits.

3. Ni-Mo-TiO2 composite coatings were electrodeposited under DC conditions with and without 12.5 g/L TiO: particle
loading in the electrolyte. The addition of the particles did not influence the Ni-Mo composition under the studied
experimental conditions, and the amount of particles incorporated into the deposit was significantly lower when compared
to the Ni-W composite.
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