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Abstract This work reports on the features that Ni-W nano-
structured alloys, electrodeposited on carbon steel by different
current pulse programs, may present depending on their sur-
face morphology and surface composition. The Ni-W nano-
structured coating, with a cauliflower structure, lack of
fragility, and high WO3/W surface composition ratio, is a
stable electrode to catalyze hydrogen evolution reaction, ex-
ceeding bulk and electrodeposited Ni catalytic activity. Also,
the nanostructured alloys must have a low WO3/W surface
composition ratio for Ni and its oxides to provide protection
and improve corrosion resistance in sulfate media.
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Introduction

Electrodeposition alloy coating production is interesting
because its processing parameters are easy to control. In this
sense, research on plated nickel-tungsten (Ni-W) alloys has
increased as they exhibit optimum hardness and good cor-
rosion and wear resistance. These improved characteristics,
together with good ductility and high thermal stability, can
be achieved through nanostructured electrodeposits [1-14].
However, the main features of these coatings are very sen-
sitive to the selected experimental conditions. The strong
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dependence of the electrodeposition parameters (bath com-
position, pH, temperature, and current density) on the Ni-W
alloy composition, structure, surface morphology, grain
size, and even the presence or not of microcracks has al-
ready been demonstrated [2, 3, 7, 11, 15-21]. Another
aspect to be taken into account is whether the deposition
was carried out with direct [2, 5, 8, 10, 14, 16, 17, 21-25] or
pulsed currents [7, 9, 11, 13, 18, 25, 26] since they deter-
mine the different results related to properties and character-
istics of the electrodeposited alloys.

Regarding Ni—W alloy corrosion behavior, previous sci-
entific works carried out in NaCl [4, 6, 8, 10-14, 21, 25] and
H,S0, [6, 24] solutions provide different interpretations that
reflect its complexity.

Prediction of the electrochemical behavior of nano-
crystalline materials from the properties of their coarse-
grained and amorphous analogs is not straightforward
because of the differences in their surface characteris-
tics. The interdependence of the parameters mentioned
before is thus confirmed [27].

In our previous work, we selected a neutral electrolyte
containing sulfate anions to demonstrate that Ni-W coatings
protected the carbon steel substrate from pitting [11, 28]. We
interpreted the electrochemical results taking into account
the contribution of the coating components [11].

Our research is currently focused on studying how sur-
face morphology and composition of current pulse formed
Ni—W alloys (particularly concentration ratios between me-
tallic components and their oxides) affect corrosion resis-
tance and hydrogen evolution reaction (HER) catalysis in
the aforementioned electrolyte. Bulk and electrodeposited
Ni are also presented for the sake of comparison.

Experimental

Nanocrystalline Ni-W and Ni coatings were deposited on
carbon steel (SAE 1020) sheets (area=1 cm?) previously
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polished with sandpaper, decreasing in grit size from 80 to
2500, followed by 0.3 wm alumina powder and finally
rinsed with twice-distilled water.

The electrodeposited coatings were obtained galvanostati-
cally by pulse electroplating using a Solartron system 12508W,
which includes a frequency response analyzer 1250 and an
electrochemical interface 1287. The pulse scheme consisted of
an “on” time (t,,) during which a cathodic current of 70 mA
cm 2 was applied and an “off” time (1) during which a zero
current was applied, where 1=1,,=Tog, With 5x 103s<t<
120 s. The deposition time (f4¢,) Was 60 min.

The plating bath contained 0.06 M NiSO4-6H,0, 0.14 M
N32WO4'2H20, 05M Na3C6H507'2H20, 05M NH4C1, and
0.15 M NaBr (pH=9.5). A fresh plating bath was prepared for
each experiment using chemical pure reagents and twice-
distilled water. During the plating, the solution was gently
stirred with a magnetic stirrer at 65 °C and degassed with
purified nitrogen. Nickel coatings were obtained from the
same bath, but in absence of the tungstate salt.

Deposit morphology was analyzed using an FEI, Quanta
200 scanning electron microscope (SEM). Surface compo-
sition was evaluated by X-ray photoelectron spectroscopy
(XPS) using a Mg Ka source (1,253.6 eV) from XRS50,
Specs GmbH and a hemispherical electron energy analyzer
from PHOIBOS 100, Specs GmbH. Composition in depth
was determined by argon ion sputtering (3 keV) at an
average rate of 0.5-0.6 nmmin .

The electrochemical behavior of the Ni-W and Ni depos-
its and bulk Ni was studied with a Zahner IM6e potentiostat/
galvanostat using a potentiodynamic linear polarization
technique between preset cathodic (Es.) and anodic (Ej,)
switching potentials from the open circuit potential, at a
potential scan rate (v) of 2x107° V s'. A standard three-
electrode cell was used. A large area Pt sheet counter elec-
trode and a saturated calomel reference electrode (SCE)
were used. All potentials in the text were referred to the
SCE. Measurements were carried out in a still phosphate—
borate buffer (0.1 M KH,PO4+0.05 M Na,B,0-) pH8.00,
with the addition of 1 M Na,SO, at ambient temperature.
Experiments were made under purified N, gas saturation.

The effect of oxygen on the open circuit potential (Eop)
of the Ni-W alloys was evaluated after 1 h of immersion in
the electrolyte. Corrosion current density values were
obtained using the polarization resistance method [29] after
1 h and 24 h of immersion in the test solution.

Results and discussion

XPS spectra were obtained to focus on the surface chemistry
of the W-Ni alloy electrodeposited on carbon steel by
different current pulse programs. Typical spectra for these

alloys (t=120's, /=70 mAcm 2, t4ep=60 min) are shown in
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Fig. 1 before (a) and after (b) sputtering with Ar’. The
spectra show the presence of Ni, W, C, and O and the
complete absence of Fe indicating that the Ni-W coating
covers the carbon steel substrate completely. In fact, the
thickness of these coatings is between 10 and 20 pum [11].

Data in Fig. 1 also show that the amount of C and O
decreases while the Ni and W content markedly increases
after sputtering the sample. The carbon Is component at
283.4 eV (Fig. 1) suggests the presence of some tungsten
carbide (WC) [11, 24, 30]. However, the presence of tung-
sten carbide could also result from implantation of carbon
during the Ar” ion etching of the coating [26]. The presence
of O is related to metal oxides on the coating surface. A
similar behavior is observed for samples grown for t values
ranging from 5x107° to 120 s.

A more detailed analysis of the Ni and W species in the
electrodeposited alloy is shown in Fig. 2 where we plotted the
Ni 2p and W 4f signals for different sputtering times. The high-
resolution spectra reveal that the alloy surface (/=0 min) con-
sists of a mixture of Ni oxides (NiO and NiOOH) and W oxide
(WO3). As the sputtering time increases, the amount of Ni and
W oxides decreases while the metallic Ni and W content
markedly increases. Note that the O content is reduced to a
non-significant and constant level during the sputtering process.
The metallic oxides are completely removed for =45 min.

The XPS data in Table 1 show that the W/Ni ratio for the bulk
alloy (sputtering time 45 min), (W/Ni), remains nearly constant
(=0.3-0.4) irrespective of 1. In contrast, the XPS data for the
alloy surface (=0 min) reveal more differences in the oxide
composition with the electrodeposition conditions (Fig. 3a—c).
In fact, the XPS data show that the WO/W ratio at the surface,
(WO3/W)y, decreases from ~0.57 to 0.23 as 7 is decreased. This
is an important point since the electrochemical properties of the
alloy are determined by its surface composition.
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Fig. 1 XPS spectra of a Ni-W alloy (7= 120 s, j=70 mA cm 2, taep=
60 min) taken at different etching times (Ar" bombardment), #: a) t=
0 min, b) t=45 min
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Fig. 2 XPS spectra of a Ni-W alloy (7 =120 s, j/=70 mA cm 2, taep=60 min) taken at different sputtering times: a) Ni 2p, b-e) W 4f

The influence of T on the surface structure of the Ni-W
alloys may be inferred from the SEM images (Fig. 4) that
reveal the presence of a fractal cauliflower-like structure
formed by nanometer-sized units irrespective of t. It means
that the real surface area is too large with pores and channels
interconnecting the structure.

Next, we present data about alloy electrochemical
behavior to show its relation with surface chemistry

and structure. Typical polarization curves for the Ni-W
alloys recorded in the —0.7/0.5 V potential range and in
the absence of O, are shown in Fig. 5. All the alloys
exhibit the hydrogen evolution reaction (HER) in the
cathodic branch and a limiting current in the anodic
branch corresponding to the alloy dissolution (j.orr)
through the complex passive film composed by NiO,
NiOOH, and WOs;.
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Table 1 XPS data obtained corresponding to the bulk (Ar" bombard-
ment, =45 min) and surface (r = 0) Ni-W alloy coatings electro-
deposited at different 7

7 (s) at.% Wy at.% Niy (W/Ni), (WO3/W),
5%107 227 773 0.3 0.23
10 30.0 70.0 0.41 0.57
120 29.0 71.0 0.40 0.56

HER on the Ni-W alloy is clearly enhanced in over-
potentials (77) and current density (j;) when compared with
bulk Ni (Fig. 5a, b). In fact, the onset potential for HER on
the Ni-W alloy surfaces is shifted to more positive poten-
tials than that of bulk Ni. It can be argued that this enhance-
ment could be produced by the presence of a certain amount
of WC that is known to be an efficient HER catalyst [31].
However, our data show very similar 7 values for HER on
electrodeposited Ni samples and Ni-W alloys prepared un-
der comparable conditions (z=5 x 10>s), thus discarding
any possible effect of WC (Fig. 5a). This is not surprising as
electrodeposited Ni is a nanostructured material and a clear
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Fig. 3 XPS W 4f spectra, at /=0 min (Ar" bombardment), of Ni-W

alloys electrodeposited on carbon steel at different z: a) 5x10 s, b)
10s,¢) 120 s
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Fig. 4 SEM micrographs of the surface of Ni-W deposits (7=70 mA
cm 2, t4ep=60 min) obtained at different 7: a) 5x 1073s,b) 10s,¢) 120 s

increase in HER has been reported on this kind of Ni
surfaces [32]. In fact, nanostructured materials exhibit dif-
ferent properties of their bulk phases due to the quantum
effects related to the shape and size. Therefore, it can be
concluded that the nanostructured cauliflower structure of
the alloy surface contributes to HER enhancement.

We also observe lower 7 values, and then a clear HER
enhancement (Fig. 5c) on the Ni—W alloys surfaces richer in
WOs; (z=10 and 120 s, see Table 1). In relation to this
subject, Savadogo et al. [33] have studied the HER using
nickel electrodes with phosphotungstic acid. It has been
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demonstrated that the presence of W in the form of WO; in
the polyoxometalates enhanced the electrocatalytic activity
for hydrogen evolution [33, 34]. Pt, when supported on
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Fig. 5 Polarization curves (logj vs. E) obtained at v=2x 107> Vs " in still

phosphate—borate solution containing Na,SO4 1 M: a) bulk Ni and elec-
trodeposited Ni and Ni-W alloy obtained at 7=5x10">s, b) bulk Ni and
Ni—W alloy obtained at 7=120 s, ¢) Ni-W alloys obtained at different 7

Table 2 Values of corrosion current densities (jor), using the polari-
zation resistance method, obtained of Ni-W alloys electrodeposited at
different 7 after different exposure times in sulfate-containing
electrolytes

7(s) Jeorr (1 h) (Acm™) Jeorr (24 h) (Acm™)
5%107° 13.66 422
10 13.28 7.48
120 9.04 6.80

tungsten trioxide, also showed electrocatalytic activity for
HER due to the synergism towards reactions in an acid
solution involving hydrogen atoms [35]. As previously
shown, electrocatalytic activity changes markedly with the
W/Ni ratio, being W/Ni=0.1 the best atomic ratio [36]. Our
results, obtained from an almost constant W/Ni ratio (0.3/
0.4) and similar surface structure, demonstrate that the WO,
content at the surface is the key parameter controlling the
HER electrocatalysis and reducing 7 about 0.1 V (Fig. 5c¢).

From the previous results, we can conclude that there are
two aspects involved in the HER enhancement observed in the
electrodeposited Ni-W alloys on steel: a nanostructured ma-
terial and the chemical composition of the surface. They
explain the catalytic activity on HER observed for WO; nano-
particles supported on C in acid and alkaline solutions [37].

However, coatings obtained at t=120 s are fragile while
those prepared at t=10 s exhibit good mechanical properties
[11]. Therefore, the best condition related to HER electrocatal-
ysis and Ni-W mechanical properties is obtained at =10 s. A
nanostructured alloy with the optimum (WO5/W), surface
composition ratio is obtained in this condition.

When the anodic branch of polarization curves is ana-
lyzed (Fig. 5a, b), we observe that the nanostructured Ni-W
alloys exhibit much larger dissolution current values than
those of bulk Ni because of the presence of W and large
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Fig. 6 Open circuit potential evolution, E,,, of Ni-W alloys obtained
at different 7 in still phosphate—borate solution containing Na,SO4 1 M
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amounts of grain boundaries that make the film more defec-
tive. The tendency towards reaching a limiting current is due
to the initial formation of protective NiO and NiOOH. This
is in agreement with what was reported by other authors
who demonstrated that at the same pH, Ni electrode passiv-
ity increases progressively as E;, becomes more positive
[38, 39]. In contrast, surface W and WO; tend to dissolve,
giving tungstate ions [40—42] during the anodic potential
sweep with the corresponding Ni oxide surface enrichment.
Only at E, more positive than 0.2 V passivating tungsten
oxides are known to be formed [41]. Other authors proposed
other interpretations because they mainly used acid solu-
tions containing chloride ions [4, 6, 8, 10-14, 21, 25].
Besides, few authors highlight the effect that the surface
crystallographic condition exerts [13, 14].

The effect of oxygen in the open circuit potential value
(Eocp) of the alloys is shown in Fig. 6. The initial values lie
in the potential windows where alloy dissolution takes place
at 30<joorr <100 pAcm > as deduced from the polarization
curves shown in Fig. Sc.

However, the dissolution rate is markedly reduced after
24-h immersion in the test solution as shown in Table 2. The
largest change is observed in the deposits obtained at T=>5 x
1035 since the (WO5/W); ratio is smaller than in those
obtained at higher t (Table 1). Hence, the enrichment and
subsequent growth of Ni oxides is facilitated. The charac-
teristic of the surface structure already shown and analyzed
through SEM images (Fig. 4a) should be added.

Finally, even though the anodic branches of the polariza-
tion curves (Fig. 5a, b) indicate that bulk and electrodepos-
ited Ni responses are better than those of the Ni-W deposits,
the latter present larger values of hardness [5, 11], a valuable
characteristic for technological applications.

From what has been analyzed above, we may infer that
through the previous selected current pulse programs to obtain
electrodeposited Ni-W alloys, we can handle the surface state
(morphology and composition ratio among Ni, W, and their
corresponding oxides), according to the desired application
for the product since not any Ni-W coating, even if nano-
structured, can be adequate to catalyze HER or to withstand
corrosion in solutions containing aggressive ions.

These results are a good starting point to research the
electrocatalytic activity for HER that these nanostructured
Ni—W alloys present in NaOH solutions to simulate indus-
trial electrolysis conditions and to evaluate corrosion resis-
tance in solutions containing other aggressive anions
(sulfide and chloride).

Conclusions

Ni—W alloys electrodeposited on carbon steel by different
current pulse programs were obtained.

@ Springer

All the Ni-W alloy surfaces exhibited a fractal cauliflower-
like structure irrespective of 1. It means that the surface has a
large real surface area approaching a volume with a large
number of pores and channels. However, the coatings
obtained at low frequencies showed brittleness.

The surface composition ratio, (WO3/W)s, of the Ni-W
electrodeposits defines if the alloys may act as HER cata-
lyzers or be corrosion resistant in neutral media containing
sulfate ions. It was possible to demonstrate that the Ni-W
nanostructured coating, with a large effective area, lack of
fragility, and higher (WO3/W)j ratio, offers an optimal con-
dition to work as a stable electrode to catalyze HER, thus
exceeding the catalytic activity that bulk and electrodepos-
ited Ni have.

To improve the corrosion resistance in neutral media
containing sulfate anions, a lower (WO3/W); ratio is needed
so that Ni and its oxides may provide protection. This
situation is obtained for coatings obtained at low t.
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