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The electrodeposition of NiW alloys from citrate electrolyte was studied in an effort to evaluate the
effect of applied potential and solution pH on the composition limit and the properties of the deposits.
Electrochemical measurements employing cyclic voltammetry (CV), potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) were used to investigate the codeposition process,
corrosion resistance and HER electrocatalytic properties of the deposits. The deposits morphology was
characterized by scanning electron microscopy (SEM) and the surface composition of coatings was
ascertained by Energy dispersive x-ray analysis (EDXA). Possibility of W-rich NiW alloys
electrodeposition from ammonia-free citrate electrolyte at room temperature was confirmed. The
tungsten content was close to 32 at.% in deposits obtained from a quasi-neutral solution. Structural
study revealed that all of NiW coated alloys were amorphous regardless of W content. On the other
hand, it was found that Ni-W alloys deposited at -1.4 V/CSE (having about 14 at.% W) are good
electrode materials as cathode for HER following the VVolmer-Heyrovsky mechanism with substantial
surface-adsorbed hydrogen while alloys plated at -1.2 V/SCE (having about 32 wt.% W) were of
excellent corrosion resistance in 3.5% NaCl solution.

Keywords:Nickel-tungsten alloys; Electrodeposition; Hydrogen evolution reaction; Electrocatalysis;
Corrosion.

1. INTRODUCTION

With the growing demand for clean fuels and consciousness of environmental issues, hydrogen
fuel generated from renewable energy sources is commonly regarded as a viable and environmental
friendly solution to the world energy needs in the future [1]. Molecular hydrogen can be generated via
water electrolysis to sustain a renewable hydrogen economy. However this technology is still
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immature with performance disappointing when compared to natural gas reforming, which is the
actually preferred method [2]. Among the technical efforts to make this technique competitive is the
development of low cost, stable and efficient electrolysis systems.

The operating cell voltage to produce hydrogen by electrolysis of water is given by:

Vop = Erep + Mg + |Tlc| + IR

Where E,..refers to the reversible thermodynamic decomposition voltage (=1.23V), n, and 7,
the anode and cathode overpotentials, and /Rthe interelectrode ohmic drop. It is worth noting that
while ohmic drop can be reduced by enhancing the bath conductivity and minimization of the space
between the electrodes, overpotentials for hydrogen (and oxygen) depend on the electrode materials
and are major cause for excessive consumption of electrical energy. This fact motivates the extensive
research being conducted for the development of efficient and low-cost catalyst materials. It is well
established that the Pt-group metals are the best electrocatalysts for hydrogen evolution as the reaction
iIs essentially thermo-neutral (AG =- 0.1 eV). The next ideal HER catalysts are Ni and Co (AG ~- 0.28
eV) followed by Mo (AG =- 0.36 ¢V) and W (AG =- 0.42 eV) [3]. Interestingly, alloys made of the
combination of these metals could be more active for HER than the elemental metals. Navaro —Flores
et al.[4] reported that alloying nickel with tungsten, molybdenum or iron could increase the intrinsic
electrocatalytic activity for the HER compared to pure nickel. More recently, Elias and co-workers
[5]reported that that the required potential for the HER is about 0.38 VV more positive on Ni-W alloy
compared to that on both Ni and W, as individual metals. On the other hand, NiW alloys are known for
their excellent technological properties such as hardness, thermal stability, wear resistance [6-7] and
corrosion resistances at high temperatures [8-9]. Hence, electrodeposited NiW alloys are considered as
promising candidates for the development of advanced and inexpensive electrocatalysts to replace
platinum-based materials for the production of hydrogen [5, 10]. According to Brenner’s classification
[8], the electrocrystallisation process of NiW alloys is an induced codeposition system. Opposite to
nickel, tungsten cannot be electrodeposited separately from an aqueous solution of any soluble salt of
this element, whereas its codeposition with iron-group metals is possible.

A typical electrolyte for the codeposition of NiW alloys consists of an aqueous solution of
NiSO,;, Na,WO,, and Na3Cit as complexing agent at an elevated temperature of 70-80 °C [11].
Ammonia is commonly used to improve the current efficiency and fine-tune the pH to the chosen
value. On the other hand, it reduces the bath stability owing to its rapid evaporation.Usually, the
concentration of tungsten in the electroplated alloys is rather low, in the range of 5-15 at.%. Only few
works on the deposition of NiW alloys containing high concentrations of tungsten have been reported.
Younes et al.[12] claimed that removing ammonia from the plating bath helped to increase the W
content of the alloy up to 50 at.%. More recently Hong et al. [13] reported the deposition of Ni-W
alloys having over 40 at. % W. from an acidic electrolyte containing boric acid and sodium citrate at a
fixed potential of -1.6 V vs. SCE. However the electrocatalytic and corrosion resistance properties of
such alloys are still not well elucidated.

The present work aims to investigate the electrochemical aspects in the deposition process of
tungsten-rich nickel-tungsten alloys from an ammonia-free citrate electrolyte operating at room
temperature. Particular attention was paid to the influence of pH and applied potential, consequently
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the tungsten content, on the corrosion resistance and electrocatalytic activity of electrodeposited Ni-W
films for hydrogen evolution reaction (HER) in alkaline water electrolysis.

2. EXPERIMENTAL

The electrochemical experiments were carried out in a conventional three-electrode setup
containing 75 ml solution, employing a Voltalab potentiostat-galvanostat (model PGZ 301) to run
cyclic voltametry and perform electrochemical impedance spectroscopy (EIS) measurements or to
deposit the films under potentiostatic regime. All solutions were made from analytical-grade chemicals
(Sigma-Aldrich, USA) and doubly distilled water. The electrodeposition of Ni/W alloys was studied in
a plating bath containing 0.2M Na;WO,, 0.25M NiSO,4.6H,0 and 0.05M NiCl,.6H,0 used as the
electro-active species and 0.4M NazCgH507.2H,0(tri-sodium citrate dihydrate) as a complexing agent
to bring closer the deposition potentials of the metals and facilitate their codeposition (standard
electrode potentials of Ni and W are nearly 0.3 V apart).No boric acid was added to the electrolyte
since citrate ions are environmentally friendly and can function as a complexing [14]], buffering [14-
15], brightening [16] and levelling agent [17] in nickel and its alloying electrolytes. In addition, citrate
electrolyte provided higher W contents than with those based on tartrate or malate [18]. Nickel
chloride was added to the plating bath in small amount to increase conductivity and uniformity of
coating thickness distribution. Moreover, chlorides tend to refine grain size and minimize formation of
nodules and trees [19]. The solution was bubbled with clean nitrogen gas to reduce the influence of
oxygen during electrodeposition.The bath temperature was maintained at the desired value with an
accuracy of *1 °C by thermostat water tank and the pH adjusted by addition of sulfuric acid or sodium
hydroxide as needed and monitored precisely with a calibrated pH-meter (WTW- inoLab pH 7310).
The test specimens (platinum wire and pure copper sheets sized 1x2 cm? ) were used as working
electrodes, a platinum foil of high active surface area as the auxiliary electrode and a saturated calomel
electrode (SCE) was used as the reference to which all potentials in this paper are referred (unless
noted otherwise). To obtain reproducible results, the working electrode surface was polished to a
mirror finish with successive grades of alumina powder (Banner Scientific Co. Ltd.) on a Metron
polishing cloth. The samples were then degreased with alcohol and rinsed with distilled water before
every experiment.

X-ray diffraction (XRD) patterns were obtained with copper K, radiation source (Ag, =1.5418
A) on a powder diffractometer (Philips X'Pert Pro Multipurpose X-ray diffractometer). Surface
topography and composition of the deposits were examined using a scanning electron microscope
(SEM, JEOL 6301 F) combined with an energy dispersive X-ray spectroscope (EDS, Oxford Link
Pentafet Detector -INCA software- coupled with a JEOL 6400 unit) using an acceleration voltage up to
20 kV. The accuracy of the measurements was rated as +1 wt%. To investigate the corrosion resistance
and catalytic activities of electocoated NiW films for hydrogen evolution reaction (HER) in a 3.5 %
NaCl and 30% KOH solutions respectively, Tafel curves (5 mV/s sweep rate) and Nyquist plots (100
kHz- 10mHz frequency range) were performed at room temperature. All electrodeposited specimens
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were cleaned, activated by 10 vol.% HCI and immersed in the test solution for 15 minutes prior to
electrochemical testing.

3. RESULTS AND DISCUSSION

3. 1. Electrochemical aspects of electrodeposition

In order to investigate the electrochemical aspects of the deposition of NiW thin films, cyclic
voltammograms and EIS were performed. Cyclic voltammetries were carried out with different
scanning rates in order to identify the conditions for the best readability of data. The choice fell on the
50 mV/s rate for cyclic voltammetry experiments. Fig.1(a) shows the cathodic part of CV scan
readings of the working electrode (Pt), drawn in NiW electroplating bath at room temperature and
different pH values. In acidic medium (pH 3), the signal of hydrogen evolution reaction commencing
at = -0.45 V, is observed when the potential is swept negatively. With increase of bath pH (6-9),
hydrogen evolving is observed to proceed at higher overpotentials and the cathodic current decreased
dramatically. It is established that in a citrate electrolyte, the prevailing species depends on the solution
pH. The dominant species at pH 3 are CitH, and CitH3 [20]. As the pH increases to more basic values,
the citrate ion is progressively deprotonated and Cit* is the dominant species, thought to adsorb and
block the electrode surface [21]. In addition, the formation of various stables complexes with metal
ions, lead the reduction reactions to occur at more negative potentials. From these curves, potential
values ranging from -0.9 to -1.4 V vs SCE belonging to the activation and mixed activation-diffusion
control regions were selected for electrodeposition.
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Figurel. Cathodic polarization plots of NiW obtained in plating bath at various pH values (a) and
anodic part of CVs of deposits obtained potentiostatically at pH6 and variable cathodic limit
(b). Scan rates: 50 and 5 mV.s™ respectively.

The set of electrochemical processes can be better illustrated when the cathodic limit scan is
progressively moved. The potential was swept between +1.0 and -1.4 V/SCE, beginning from the open
circuit potential (OCP) towards cathodic direction. Fig. 1(b) shows the anodic parts of the
voltammograms. It can be clearly seen that the anodic peak of NiW film is broader compared to that of
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pure nickel. With extending the cathodic limit, additional anodic peaks appeared and shifted in the
positive direction, suggesting that fundamental changes occur at the surface. The presence of similar
two anodic peaks in non-stirred electrolyte was reported by Obradovic and co-workers [22], according
to whom only alloys with substantial W content do exhibit multiple anodic peaks, and the deposit
layers contained a mixture of Ni, W, (Ni(OH), and WOs.

EIS experiments were taken from the frequency of 100 kHz to 10 mHz with the sinusoidal
amplitude of 10 mV, after the electrode (pure copper sheet) reaches a steady state (about 15 min). A
family of Nyquist plots measured during the reduction of nickel-and tungsten species is shown in Fig.
2.
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Figure 2. Nyquist plots for NiW film electroplating at different deposition potentials and at bath pH:
3(a), 6(b) and 9(c).The inserts present the corresponding Bode plots. Figure (d) shows the
equivalent circuit for the high to medium - frequency impedance curves during the
electrodeposition of NiW alloy.

The plots have almost the same shape for all deposits. The applied potentials at which
complex-plane impedance was measured are indicated in the figure. The inserts present the
corresponding Bode plots showing a single time constant and indicating that only one mechanism is
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prevailing in the deposition process. Each plot is composed of a depressed semicircle resulting from
the parallel combination of charge transfer resistance and capacitance, observed at high to medium-
frequency region. The presence of only one main loop in the Nyquist plots indicates that the
electroplating process of NiW films is under activation control [5]. The curves were fitted using the
Randel’s circuit [23] and the equivalent circuit is shown in Fig.2(d). At low frequencies, a very small
inductive loop is also observed and particularly more pronounced in acidic electrolyte [Fig.2(a)]. The
appearance of the inductive loop at low frequencies is generally ascribed to the existence of relaxation
process of a single adsorbed intermediate during electrodeposition [24], such as hydrogen complex
ions NiH" as reported by Badawy et al.[25].The charge transfer resistance (R¢) values were extracted
from the Nyquist plots in [Fig.2(a-c)] by the intercept segment of the semicircle with the real axis. The
influence of the applied cathodic potential (Eappi) On Rt is plotted in Fig.3, where it can be seen thatR;
decreases with Egpp exponentially. The experimental data in the figure are presented as points and the
continuous lines are obtained by curve fitting using the ORIGIN software. It is established that in the
case of low cathodic overpotentials, the co-deposition follows a 3-D progressive nucleation/growth
mechanism, while higher overpotentials favor the instantaneous nucleation [26]. For example, at pH
3.0, 6.0 and 9.0, the decrease of Ry values from 9.43, 284 and 405.1 Q.cm? at —0.9 V/ SCE to 1.93,
15.28 and 22.57 Q.cm? at —1.4 V/SCE respectively, should indicate that the nucleation/growth process
of NiW film onto the pre-formed homogeneous layer of the same compound are much easier than that
onto the heterogeneous copper substrate surface.

The reaction rate for a cathodic reaction at a solid electrode-electrolyte interface under
activation control such as Ox + ne™ — Red may be expressed by differentiating the Faraday's law of
electrolysis, m = I.t/nFwith respect to time:

dm / (dt = 1. / nF) (1)

Where m (in moles), is the amount of resulting material; dm/dt represents the rate of formation
of product; i, the current intensity and F, the Faraday constant. As electrochemical reactions are
surface processes, it is usually convenient to relate the reaction rate to the electrode area, A [27]. The
above equation may be rewritten as:

dm/Adt = i/nF (2)

This represents a balance between the flux of mass and the electron flux at the
electrode/electrolyte interface. On the other hand, for large and negative activation overpotentials 1,
the reaction rate in terms of the cathodic current density i. , can be expressed according to the Butler—
Volmer equation [28]:

ic = ig exp (—520) 3)
Ip and £ being the exchange current density and the cathodic transfer coefficient assisting the
reaction in the forward direction, respectively,
By combining eq (2) and eq (3), the relationship between the electrochemical reaction rate
constant K of the reaction: Ox + ne™ — Redand the applied overpotential # can be established as
follows:

K = K, exp (— %)(4)
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Where K and Ky are the rate constants for reduction at E and E;j=, with respect to the reference
electrode respectively. Therefore, the greater the applied voltage, the larger the resulting current flux,
and the greater the electrochemical reaction rate constant Kat the electrode/electrolyte interface .This
causes the exponential decay of the charge transfer resistance Ry, with increasing the applied
overpotential.

200

Bath pH: —v—3
_._6

——9
(c)

2.
(a) Rgy= exp[12.62915 + 17.31531E, + 6.28056(E,, )]

h

2
(b) Ry exp[17.22991 + 21.73354E, + 7.74423(E, ) ]

h

00 (c) Re¢= exp[78.76623+ 126.530683E,  + 51.00805(E )2]
ct - - ht o th

tl

2
Rct(Ohm.cm )

-0,8 -0,9 -1,0 -11 -1,2 -1,3 -1,4 -1,5 -1,6
E,,, (V vs.SCE)

Figure 3. Experimental (symbols) and fitted (solid lines) variations of R with bath pH and applied
cathodic potential Egppl.

3.2. Composition and structural investigation

Energy dispersive spectroscopy (EDS) was used to measure the percentage of tungsten in the
films. Table 1 provides W content of the Ni-W alloys as a function of the applied potential during the
deposition. The electrodeposition was performed by applying a cathodic potential ranging from -0.9 to
-1.4 V vs. SCE, in the electrolyte of a fixed pH. As seen, the content (at.%) of W in the deposit
increased with a.p., until it reached a maximum of 31.67 at.% (59.22 wt.%) at -1.2 V vs. SCE, above
which the W content was found to be decreased in the deposit. Similar behavior was observed by Elias
et al. [5] for NiW alloys coated under galvanostatic regime.

It is well established that, as a ligand, citrate forms several complex ions with nickel. In a
citrate bath at low pH values (pH<3), the solution contains mainly NiCitH species in addition to free
nickel ions. As the bath pH increases, the chelates are progressively deprotonated and the free nickel
ions disappear [29]. At a pH ranging from 5 to 7, the predominant citrate species is the ion with three
negative charges, Cit3~ which is assumed to form the prevailing NiCit~ and NiCit;~ complexes. On
the other hand, according to Cruywagen et al. [30], in presence of citrate ions, the tungstate ion,W0;~
forms complexes in the form of[(W0,),(Cit),H,]?P*39~ in spite of the fact that both are
negatively charged where, the number of protons, r, depends on the pH. In the range of pH of 2 to 4,
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the predominant complex is [(W0,)(Cit)(H)3]?~. The less protonated form [(W0,)(Cit)(H),]?" is
predominant at pH 6, while at pH 8.5, the prevailing complex is in the form[(W 0,)(Cit)(H)]*".

The deposition of NiW alloys is thought to occur via the formation of a precursor of the type
[(Ni)(HW0,)(Cit)]*~ [31].Nickel-citrate reacts with tungstate-citrate to form a ternary complex in
the bulk of the solution or on the surface:

[(ND)(Cit)]” + [(HWO,)(Cit)]*™ - [(ND)(HWO0,)(Cit)]*™ + Cit3~ (5)
The reduction of this ternary precursor leads to the formation of the Ni/W alloy:
[(ND)(HWO0,)(Cit)]*” + 8e~ + 3H,0 — NiW + 7(0H)™ + Cit3~ (6)

However, this complex has not been yet detected, either in solution or an adsorbed species. For
low overpotentials, the NiW co-deposition may be due the firstly adsorbed and reduced Ni ions
followed by adsorption of tungstate onto the nickel sites. The adsorption of tungsten ions inhibits
subsequent deposition of nickel and leads to the preferential deposition of W, although it does not
completely block Ni deposition. By increasing the overpotential, the tungsten content in the deposit
increases until it reaches its maximum at around -1.2 V vs SCE. Going more negative than 1.2 V,
results in a decrease of W amount in the deposit due to the fact that, under these conditions, the
reduction of tungstate is proven to be a mass-transport controlled reaction due to the low concentration
of the corresponding electroactive complex [32-33].

The variations of W content in NiW alloys with pH was also investigated by varying pH from 3
to 9 at a fixed applied potential and results are shown in Table 1. As seen, changes of the W content in
the alloys are significantly correlated with the bath pH. The maximum amount of W in the deposit is
obtained at pH 6; at a lower or a higher electrolyte pH, the amount of W drastically decreases. The
deposition of nickel from acidic electrolyte could occur by a direct discharge of free Ni(ll) ions,
NiCitH species and the ternary complex formed in ammonia-free citrate baths. At pH 6, the
concentration of [(W0,)(HCit)(H),]*>" electroactive complex ions in solution reaches its maximum
[30], leading to an increase in the W content. Further increase of the pH up to 9 without ammonia, the
deposits were of poor quality. In the presence of ammonia, a significant decrease of the tungsten
content of the alloy was observed. This is in line with the views of Ernst et al. [34] who reported that
addition of NHg3 into solutions containing citrate and ions of the iron-group metals, leads to the
formation of a complex of the form of [M(HCit)(NH3)3;]~, which is reduced more easily than the
citrate-complex. On the other hand, the free tungsten ion, W0z~ which is the predominant species at
this pH value is deactivated and cannot participate in the reduction reactions to form Ni-W alloys.

Under these conditions, it is obvious that the relative decay of W-content in the deposit is
mainly due to the formation of the ammonia-citrate complex that facilitates Ni deposition.

The effect of these two electrolysis parameters (E and pH) on the structure of NiW
electrodeposits was also investigated. Figure 4 shows X-Ray diffraction patterns NiW alloys deposited
at different potentials from a citrate plating bath at pH=6 and room temperature. For the sake of
comparison, patterns for pure Ni and NiW alloy deposited at solution pH 9 are also inserted in the
figure. Alloys obtained from acidic bath (pH3) showed similar structure to those deposited from pH6
and are not reported here. It can be seen that with increasing the overpotential (i.e. increasing W
content) the cathodic overpotential yielded a broadening of the Ni(111) diffraction lines and a slight
shift to lower angles, compared to that of pure nickel (JCPDS #04-0850), until overlapping with that of
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the copper substrate peak (JCPDS #04-0836), indicating the formation of amorphous solid Ni(W)
solution and lattice expansion due to the substitution of Ni atoms by W atoms, the atomic radius for W
and Ni being 140 pm and 124 pm respectively [35]. At the same time, the intensities of (200) and (220)
signals decreased markedly, which indicate a more reduced crystallinity of the deposits and supports
the findings reported by other research groups [36-37]. NiW alloys deposited from alkaline solution
(pH9) showed better crystallinity, probably due the lowered W composition.

The crystallite size of the deposits was calculated by the Scherrer’s formula [38]:
0.9

BcosO
Where: 4, 8 and S are the X-ray wavelength of CuKa (1.5406 A°), the Bragg diffraction angle
and the full width at half maximum (FWHM) of fcc-Ni (111) diffraction peak. Results showed that the
worked out grain size decreases from 116 nm for pure nickel to 106.32 nm and 95.58 nm for for NiW
layers deposited at -1.2 and -1.4 V vs. SCE for pH6 and 113.94 nm for pH9 respectively, supporting
the findings in XRD investigations.
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Figure 4. X-ray diffraction patterns of Ni-W alloys electrodeposited at different cathodic potentials
from a citrate electrolyte at pH 6 and room temperature. For comparison, patterns of pure Ni
and Ni-W alloy deposited from alkaline bath (pH=9) are also inserted.

3.3. Morphology of the deposits

The surface morphology and cross sectional images (SEM) of NiW layer electrodeposited at
room temperature is shown in Fig. 5. As can be seen, SEM top-view image of deposits plated at -1.2 V
vs. CSE from an electrolyte at pH 6 [Fig.5 (a)] shows clusters of spheroids sized between 0.5 to 2 um,
with circular or quasi-circular borders, which is quite different from the polygonal shape of
polycristals. This is in good agreement with the features expected in the formation of amorphous alloys
[39]. Similar nodular morphology has been observed by other authors for NiW layers electroplated
from baths based on ammonium, glycine and triethanolamine [37, 40]. NiW films obtained at -1.3 V
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vs. SCE have globular morphology showing fewer defects [Fig.5 (b)], while deposits plated at — 1.4 V
vs. SCE are homogenous, dense [Fig.5 (c-d)], even though the coatings still displayed some micro-
cracks, which is inherent nature of electrolytic W alloys. The coating thickness is evaluated to about 5
pum. That is NiW film crystallinity increases with the decrease in W content at higher applied
overpotentials. Deposits coated from acidic electrolyte (pH = 3) [Fig.5 (e)] contain cracks. The cracks
can cross the grains indicating that they may be due to relaxation of internal tensile stress in the films.
During the plating process, it is well known that hydrogen is trapped into the deposits. Subsequent
release of hydrogen results in high tensile stress, which develops micro cracking in NiW structure.
With increasing the plating bath pH up to 9.0, tungsten content decreases and a transition in surface
morphology of the deposits from nodular to angular morphology was found [Fig.5 (f)]. This is in line
with reported results on the effect of W content on the transition in texture of such deposits [41].

3. 4. Electrochemical Corrosion tests

The corrosion stability of the W-rich coatings was evaluated in 3.5 wt.% NaCl medium using
potentiodynamic polarization and electrochemical impedance spectroscopy techniques.

Table 1. The composition and corrosion behaviors of Ni—W alloy electrodeposited at different bath pH
and applied potentials (Eappi) Values.

Deposit
Parameters Niw Ni
-Eqep(V/SCE) 1.0 1.1 1.2 1.3 1.4 1.2
| pH L6 |l 6 | 3 | 9 | 6 || 3] 6| 9 | 6 |

W (at. %) 28.66 | 30.98 | 18.47 || 31.67 || 22.37 || 18.46 || 9.27 || 14.11 | 9.03 0
—Ecorr(MV/SCE) | 701.2 ||683.9 | 456.7 || 572.1 || 538.2 || 654.5 || 665.8 || 746.0 || 573.6 || 644.3

jeorr( 102mA/cm?) || 0.85 || 1.19 || 5.63 || 063 || 080 || 0.76 ll06.20 |/02.91 0.87 | 1.34

CR x 107
(umy™)  [99.03 |[138.7 |[57.9 ||73:95 |93.37 |89.11 |/725.4 lI340 1 102 [156.4
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Figure 5. FESEM images of NiW samples deposited at pH 6 and E(V vs. SCE): -1.2 V (a), -1.3 (b), -
1.4 (c-d). Alloys obtained at -1.4 V and pH: 3(e) and 9 (f).

Tafel polarization curves for NiW alloys plated at pH~ 6 and variable applied potentials are
shown in Fig. 6. For comparison with the behaviour of the deposited alloys, the curve of pure
electrodeposited Ni was recorded. The corrosion data for all alloys, reported in Table 1 testify that
corrosion rate of NiW deposits decreased with increasing applied cathodic potential up to =-1.2
V/CSE, and then increased.

Therefore, it can be concluded that the Ni-W alloy, deposited at -1.2 VV/ SCE with the highest
W content (32 at.%) was found to be more corrosion resistant compared to all alloys deposited from
the same bath. Furthermore, the electrochemical impedance results showed the same trend as
polarization. The Nyquist response of NiW alloy deposited at -1.2 V/SCE is of maximum radius
compared to those obtained at other overpotentials, indicating that it offers better electrochemical
behavior in 3.5 wt.% NaCl, compared to the other coatings. The corrosion stability of such an alloy
may be a result of increased surface area due to microcracks and the formation of a layer of mixed
nickel-tungsten oxides (NiO, NiOOH and WO3) as reported by Quiroga Arganaraz et al. [42] and
Vasko [43], who assumed the formation of an adsorbed nickel hydroxide layer on the electrode, which
reacts with tungstate ions to form a mixed oxide. Moreover, Obradovic et al. [22], reported that stable
and protective surface oxide layer, a mixture of Ni, W, Ni(OH), and WOj;, is obtained only for alloys
with high W- content. As the deposition potential is increased further, the W content of the alloy
decreases; the amounts of Ni and W oxides decrease as well due to their rapid reduction to the metal
form by atomic hydrogen adsorbed on the electrode surface leading to less protected coating in
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corrosive environment. Moreover, Obradovic and co-workers [33] suggested that Ni(l) intermediate
species in the deposition of Ni could have substantial reducing effect of the W-oxides formed at the
electrode-electrolyte interface.
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Figure 6. Potentiodynamic polarization behavior and Nyquist plots for Ni and NiW deposits obtained
at different applied potentials (as indicated in the figures) and bath pH: 3 (a-b), 6(c-d) and 9(e-
). Scan of 5 mV/s in 3.5 wt.% NaCl solution.

3. 5. Electrocatalytic properties

The electrocatalytic activity of NiW coatings for hydrogen production was investigated by
means of linear polarization and the kinetic parameters for the HER were derived from Tafel equation
[44]:

n = a + blogj
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where 5 (V) , a (V), b (V.dec?) and j (A.cm?) represent the applied overpotential, the intercept,
the Tafel slope and the resulting current density respectively.

The general model usually proposed for the hydrogen evolution reaction (HER) mechanism in
alkaline media [45] involves the formation and adsorption of hydrogen ad-atoms at the electrode
surface (MH,gs), known as the Volmer reaction (Eq.7) followed by an electrochemical desorption,
Heyrovsky step (Eqg.8) or by a chemical recombination step, known as Tafel reaction (Eq.9):

M+ H,0+ e~ - MH,;, + OH™

MHyus+ H,0 + e~ > M+ Hy, + OH™

MHg4s + MHyys — 2M + H,
Depending on which of these reactions is the rate determinating step (RDS), the resulting Tafel
curves should yield, at 25 °C, a slope of 120, 40 or 30 mV.dec™ for Volmer, Heyrovsky or Tafel
reaction respectively [45].
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Figure 7. Tafel plots of Ni-W alloy coatings in 30 wt.% KOH as function of bath pH values: 3(a), 6(b)
and 9(c) and various deposition potentials (as indicated in the figures).
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Figure 7 shows the Tafel plots recorded in 30 wt.% KOH on Ni-W catalysts electrodeposited at
various potentials and bath pHs, and Table 2 collects the corresponding kinetic parameters. From these
data, it can be clearly seen that Ni-W alloys obtained at high overpotentials (i.e Eappi=-1.4 V vs. SCE)
yield the highest HER catalytic activity, compared to all the remaining cathodes, as a result of possible
synergism between Ni and W, according to Brewer-Engel theory [46]. The Tafel slope, b, for high
overpotential region is in the 35-55 mV.dec™ range, indicating that on NiW alloys, hydrogen evolution
reaction follows the Heyrovsky mechanism, excepted for pH9 where the derived slope is over 120
mV.dec?, corresponding to the Volmer-Heyrovsky step as RDS. On the other hand, the W-richest
alloy (Niw-1.2, 31.67 at.% W) seems to be the worst HER electrocatalyst (lowest exchange current
density-jo) even though it’s slope is of only 46 mV.dec™ , most probably due to the existence of W
oxides on the electrode surface [4].

Table 2. Kinetic parameters for the HER obtained from the polarization curves of Ni-W coatings
recorded in 30 wt.% KOH solution.

Deposit
Niw Ni
Parameters
-Edep(V) 1.1 1.2 1.3 1.4 1.2
pH 6 3 6 9 6 3 6 9 6

W (at. %) 30.98 || 1847 || 3167 || 22.37 || 18.46 || 9.27 || 14.11 || 9.03 0
—Eeq(MmV/SCE) || -708.9 || 583.5 || -648 || -521.7 || -736 | 648.5 || -847.8 ||-574.2|| 692.5
jo(10°.mA.cm?)|[ 13.19 || 12.67 || 0.02 | 0521 | 9.89 | 18.83 || 30.07 ||0.134 | 7.19

be(mV.dec™) 48 35 46 155 42 42 53 | 218 | 72

4. CONCLUSION

In this study, the formation of amorphous W-rich NiW alloys by electrodeposition under
potentiostatic conditions from ammonia-free citrate electrolyte is investigated. The results obtained
from cyclic voltammetry, potentiodynamic polarization and electrochemical impedance match well
one to another. The use of strong acidic solutions accentuate the generation of internal stresses
resulting in the formation of microcracks. Alloys coated from alkaline electrolyte without ammonia led
to non-uniform and less adherent to the substrate deposits. High corrosion resistance of W-rich Niw
alloys plated under activation control at -1.2 V/SCE (having about 32 at.% W) from slightly acidic
bath (pH6), superior to those of pure Ni and low-W content deposits, was attributed the presence of
stable and protective surface oxide layer. The best HER activity was observed for alloys deposited
under mixed activation-diffusion regime at -1.4 V/SCE (having about 14 at.% W) following the
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Volmer-Heyrovsky mechanism and ascribed to both increased surface area of active centers due to
microcracks and electrocatalytic synergism of Ni and W for the hydrogen evolution reaction.
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