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ABSTRACT

The search of active, stable and cost-effective non-noble electrocatalysts for hydrogen evolution reaction (HER) is essential for
sustainable energy systems. In this study, the electrodeposited Ni-W, Co-W and Fe-W coatings having 5—30 at.% of W were
examined as an alternative electrocatalysts for hydrogen evo-lution. The electrocatalytic efficiency of the electrodes was
investigated on the basis of electrochemical data obtained from steady-state polarization technique in 30 wt% NaOH solution. It
was found that with increasing of tungsten content in the deposits up to ~30 at.% a crystal-to-ultra-nanocrystalline transition
takes place and the crystal grain size decreases up to 2—4 nm. The high content of W leads to course-grained coatings. These
morphological and structural changes showed remarkable impact on the cata-lytic activity. The maximum catalytic performance
was obtained for ultra-nanocrystalline W coatings. Among them the Ni-29at.%W demonstrated the highest apparent exchange
current density (ECD) at the room temperature, i.e. 0.55 mA cm~2, thus indicating more favorable hydrogen reduction. A
significant improvement of catalytic activity of all tested cathodes with increasing the temperature of NaOH solu-tion was
noticed. Among investigated Co-33at.%W, Fe-30at.%W and Ni-29at.%W cathodes, the last one showed the best performance

towards HER (ECD = 14.5 mA cm 2 at 65 °C).
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1. Introduction

Hydrogen is a clean, environmentally friendly and renewable energy
carrier [1]. Therefore hydrogen generation for energy sys-tems is
poised to be the best alternative to depleting fossil fuel reserves in
the future [2]. From this point of view electrocatalytic water splitting
attracts extensive attention compared to other hydrogen production
approaches (e.g. steam reforming, coal gasi-fication) due to its
technological simplicity and ecological cleanliness [3], smaller costs
[4] and reasonable efficiencies [5]. Consequently, the hydrogen
evolution reaction (HER) in both acidic and alkaline media is one of
the most explored fields of electro-chemistry. However, application
of acidic electrolysis for hydrogen production remains limited by
the high cost of proton exchange membranes that are used in an
electrolyzer system and low sta-bility caused by corrosion issues [6].
On the other hand, compared with acidic media, HER in alkaline
solution generally requires higher overpotentials and is associated
with lower efficiency and larger energy consumption. Thus, the
effective state-of-the-art catalysts that work well in acidic media can

considerable lose the catalytic performance in an alkaline media [7].

Therefore, the water electrolysis industry is mainly focused on
improving the efficiency of HER in basic environment by the
proper selection of electrode materials that allow enhancing the
hydrogen reaction kinetics. The mainstream characteristics that the
electrodes should possess: exceptional electrocatalytic activity;
good electrical conductivity; low hydrogen overpotential at rather
high current densities (1-2Acm_2); longterm stability during
electrolysis process and high corrosion resistance. In this context
platinum and other precious metals are unconquerable catalysts,
since they are char-acterized by superior surface stability and
require very small overpotentials, e.g. e 12 mV to reach the current
density of 10 mA cm ™2 in 1 M KOH and —47 mV in 0.1 M KOH
[8]. Unfortunately the deficiency and high price limit their large-
scale appli-cation in water electrolysis. This opens the window for
alternative, durable, cost-effective materials that would be suitable
for replacement of noble metals. Among various alternatives,

W (Mo)-based alloys with iron group metals, namely Ni, Co and Fe,



have attracted considerable research attention during the last

decades because of their high electrocatalytic activity [9—11],
superior mechanical [12,13], tribological [14—16], anti-corrosion
properties [15] and thermal resistance [18,19]. W(Mo) alloy
electrodes with iron group metals have been prepared by various
methods, such as magnetron sputtering [10,20,21], hydrothermal
treatment [22], arc melting [23], mechanical alloying [24—27]
and electrodeposition [28—30]. Among them, electrodeposition
is considered as rather simple and inexpensive technique which
does not require a so-phisticated equipment or large energy
expenditure. Furthermore, W(Mo)-based alloys prepared by
electrodeposition showed the highest electrocatalytic activity
and stability in long-term opera-tions [31].

It was reported that Co-W thin films show better performance
for the HER than Ni-W deposits [32]. Meantime to the best of our
knowledge, no works are available on the electrocatalytic perfor-
mance of Fe-W alloy as a cathode for alkaline water electrolysis.
This could be related to its stability issues under working condi-
tions in terms of corrosion [33]. The ability of an electrode to
catalyze the HER is usually measured by the exchange current
density (ECD), which is the rate of hydrogen evolution per surface
area at the electrode potential, where the reaction is at equilibrium.
According to different authors the ECD for Ni-W and Co-W elec-
trodes for the HER in alkaline solution varies in the range of 107> -
1072 Acm 2 [11] and fundamentally depends on corresponding
alloy's chemical composition, morphology, structure and physico-
chemical properties. It was shown that the ECD rises with
increasing W content in Ni-W [20] and Co-W [23] alloys and be-
comes maximal at 10 at.%. A general explanation of this tendency
was based on the local density-functional theory of the transition
metal alloys, indicating that the increase in electrochemical activity
is attributed to the modification of the density of states of the host
metal [23]. The main contribution to the density of states comes
from d-electrons. The optimal catalytic activity for the HER on the
Ni(Co)-W alloy 10 at.% W coincides with an increase in the density
of states at Fermi level of the 3d Ni band. The increased electron
density around Ni-sites influences proton discharge at the Ni(Co)—
W surface and Ni sites can serve as a hydrogen source for the
neighboring W sites in which the ion/atom recombination and
molecular hydrogen desorption are promoted more efficiently
[20,23]. Similarly in Ref. [34] the best HER activity in 30 wt% NaOH
solution was observed for Ni-W alloy having about 14 at.% W (ECD
= 0.3 mA cm2), while the W-richest Ni-W alloy (31.7 at.%) was
described as the weakest HER electrocatalyst under the same
conditions (ECD = 0.02 - 10-2 mA cm~2). These findings agree well
with the conclusions in Ref. [10], suggesting that in order to obtain
more active W-based electrodes with iron group metals it is
necessary to prepare them with less than 19 at.% of W. Although, it
is possible to find some controversial information defining the
optimal composition of Ni-W or Co-W alloys for the alkaline HER.
For instance, a significant improvement in the electrocatalytic
efficiency was observed for ultra-nanocrystalline Ni-W electrodes
containing >32 at.% of W most likely due to the absorption of a
larger amount of hydrogen into their specific structures [35,36].
The positive effect on the catalytic activity for HER of amorphous
Ni-W alloys' nature was also confirmed by Ref. [37]. Notable, in the
case of Co-W alloys, the ECD for hydrogen evolution as a function of
the W content denoted a minimum corresponding to a transition
from polycrystalline to nanocrystalline structure, namely at around
25 at.% of W [38]. However, for similar tungsten content (~24—26

at.%) disagreeing results were obtained [39]. Namely,
acknowledging the better catalytic performance towards HER in 20
wt% KOH of those coatings.

Thus, despite the large amount of research data collected in this

field, no univocal dependence of electrocatalytic activity on the
chemical composition of the W-based alloy coatings can be
determined. The discrepancies in ECDs on alloys with similar
chemical composition reported from author to author can be found.
This confirms the sensitivity of alloys’ characteristics to the
provided conditions of electrolysis that influence not only chemical
but also phase composition, which in turn, influence the catalytic
properties as a whole. Hence, for the first time a comprehensive
analysis and comparison of the performance of Ni-W, Co-W and Fe-
W alloys (W: from 5 to 30 at.%) which have been prepared from the
same initial citrate-based electrolyte by applying the minor
changes in elec-trodeposition conditions (in order to obtain similar
W content) for the HER in 30 wt% NaOH solution in the
temperature range from 25 to 65 °C is presented. The kinetics
towards the HER of the as-deposited electrodes was studied by
using steady-state polariza-tion measurements.

2. Experimental

2.1. Electrodeposition

Co-W, Ni-W, Fe-W alloy coatings were electrodeposited under
galvanostatic mode by using a standard three electrodes
configuration. Ag/AgCl/KCl (sat) electrode has been used as a
reference electrode (RE) and all potentials presented in this study
are referred to this electrode. As a counter electrode (CE) was a
platinized titanium mesh (~20 cm?). Notable, W-based alloys were
deposited from non-volatile citrate-borate electrolytes, proposed in
our pre-vious works [40,41]. All solutions were prepared from
chemicals of analytical grade purity dissolved in distilled water.
The pH was adjusted by adding concentrated solutions of NaOH or
H,SO4. The composition and pH of the applied plating baths used
for alloys' electrodeposition are presented in Table 1. The deposits
in all cases were obtained at the current density of 10 mA cm 2 and
temperature of 60 °C. Electrodeposition in all cases was carried out
on stainless steel substrate foils (2 cm?), and on stainless steel rods
(1 cm?), depending on the requirements for coatings’
characterization. The stainless steel (with composition in wt.%:
Fe-70, Cr-19, Ni-8, Mn-2, Si, Al, P-1) was chosen as a substrate in
order to avoid the corrosion. The stainless steel substrate was
chemically degreased and cleaned in an ultrasonic bath with
acetone, ethanol and finally rinsed with distilled water. In order to
improve the adhesion of the alloys to the substrates, a thin nickel
seed layer (~30 nm) was electrodeposited from an electrolyte
containing 1 M NiCl and 2.2 M H(], at a cathodic current density of
10 mA cm~2 for 1 min. The electrodeposition time for W-based
alloys and iron group metals was controlled in a way until the
desired coating thickness of around 10 um was achieved. The given
thickness allows to avoid any interference from the stainless steel
substrate.

2.2. Structural and morphological characterization

Surface morphology of electrodeposits and chemical composi-
tion were examined by scanning electron microscope (SEM, Hitachi
SU-70) combined with an INCA energy dispersive X-ray spectros-
copy detector (EDS, Oxford Instruments) operated at 20 kV (1 um
penetration depth). After determining the composition of the as-
deposited alloys by EDS, the current efficiency (CE) was calcu-lated
according to the Faradays’ law using following formula:

oy Eem [Xien Xwentw ] o
CE (%)= It { M; My ] 100%, (1)
where F - Faradays constant (96485C); m — measured mass (g); I -
current flowing through the plating solution (A); t -



Table 1

Composition of the plating baths used for electrodeposition of Ni-W, Co-W, Fe-W alloys; and Co, Ni and Fe coatings.

Coating W, at.% Concentration, mol 17!
(Co/Fe[Ni)SO4 CeHgO7
Co/Ni/Fe - 0.2 0.04
Co-W 5 0.2 0.04
20
30
Ni-W/Fe-W 5 0.04 0.04
20 0.02
30

electrodeposition duration (s); x; n;, M; — content (wt.%), electron
number, molecular weight (g mol~") of i-th component of the alloy
(Ni, Co or Fe); xw;, nw; My - content, wt.%, electron number, mo-
lecular weight of tungsten (W).

The thickness of the electrodeposits in all cases was around
10—15um and was calculated from gravimetric and elemental
analysis data using the following equation:

d=

(2)
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where d — thickness (cm); A — surface area of the cathode (cm?); p;
— density of i-th component of the alloy (Ni, Co or Fe) (g cm’3); pi—
density of W (g cm—3).

The structural changes of the thin films were analyzed by X-ray
diffraction method (XRD: Rigaku MiniFlex II). XRD patterns were
produced with Cu Ko radiation (A =1.5406A) in a 20 scanning
mode from 20° to 100° with the step of 0.01°. Analysis of the
spectra was carried out using PDXL software. The crystallite size of
all obtained coatings was calculated based on the broadening of
XRD peaks by using Sherrer's equation [42]. The roughness of the
deposits was estimated by interpreting the atomic force micro-
scopy (AFM, Bioscopell/Catalyst) results, as their average roughness
(Ra). The R, of the stainless steel substrate was 12 nm before elec-
trodeposition of metals (Co, Ni, Fe) and alloys (Co-W, Ni-W, Fe-W).

Transmission electron microscopy (TEM) results were obtained
using a Talos F200X (200 kV, field emission) HRTEM microscope
equipped with four detector super-EDS systems (FEI).

2.3. Electrocatalytic evaluation

The electrocatalytic activity of the deposited electrodes towards
the HER was evaluated by the following kinetic parameters: the
apparent ECD (jy), the Tafel slope (b.), the overpotential at the
current density of 300 mA cm™2 (7300) and the apparent activation
energy (E,). The voltammetric measurements for determining the
kinetic parameters of the deposited samples were performed in
30% NaOH solution at 25—65 °C in a thermostated cell. A platinum
foil has been used as an auxiliary electrode, and Ag/AgCl/KCl (sat)
electrode was used as the reference electrode. The geometrical area
of all investigated working electrodes was 1cm? and the experi-
mental results are referred to this geometric surface area. Poten-
tiodynamic polarization hydrogen evolution curves were recorded
at the sweep rate of 2mV s~ . Before starting the measurement,
each sample was left in the solution to attain a steady state, which
was indicated as open circuit potential (OCP). The cathode potential
was scanned from OCP up to —1V. Voltammetric curves were
recorded using potentiostat/galvanostat AUTOLAB equipped with
GPES software (version 4.9).

Extrapolation of the polarization curves obtained at different
temperatures, in the coordinates Igj — 7 to the value n =0 made it
possible to determine the ECD. The overvoltage, 7, was calculated

Na3CeHs0; H3BO3 Na, WO, pH
0.25 0.65 - 6.7
0.25 0.65 0.2 5.0
6.7
8.0
0.2 0.16 0.24 5.0
6.7
from the following equation:
n =E - ET7 (3)
2.3RT
E— - (3 )pH (4)

where 1 is an overpotential of the HER (V), E is an experimental
potential value at which the reaction takes place (V); E; is the
reversible potential value calculated from the Nernst equation (V),
R is the universal gas constant (8.3144] K~ mol~'); T is the tem-
perature (K); F is the Faraday constant (96 485 ] mol~1).

For the calculation of overpotentials at temperatures other than
25 °C, the tabulated data [43] of the temperature dependence of the
potential of the saturated Ag/AgCl/KCl (sat) electrode vs. the
hydrogen electrode, were used.

The oxide film layer formed in the 30 wt% NaOH solution was
investigated using the electrochemical impedance spectroscopy
(EIS). The thickness of the oxide layer was calculated from the
capacitive behavior of the film by using the relation:

_ eoerS

d=—F (5)

where d is the thickness of the oxide layer (m), C is the capacitance
of the oxide layer (F), S is the surface area (m?), ¢ is the electric
constant (g = 8.854 x 107 12F m™!); ¢, is the dielectric constant of
Co/Ni/Fe and W oxides.

Because the dielectric constants of iron group metals (Co, Ni, Fe)
and W significantly differ, the total e, was calculated using the
following equation:

&r = XMeEMeO + XWEWO, (6)

where Xy and xyy are atomic fractions of iron group metal (Ni, Co,
Fe) and tungsten in the corresponding alloy, respectively. Taking
er=119; 12.9 and 14.2 for NiO, CoO and FeO, respectively, and
er=300 for WOs.

3. Results and discussion
3.1. Characterization of Ni-W, Co-W and Fe-W alloy coatings

Morphology. The electrocatalytic activity of alloys depends on
the surface roughness that enhances the specific surface area
available for the HER [44]. Consequently, both alloy composition
and surface morphology determined by electrolysis conditions
have remarkable influence on the catalytic activity. Based on re-
ports [45—47] certifying that the catalytic activity for hydrogen
evolution is qualitatively proportional to the refractory metal (W/
Mo) content in the alloys with iron group metals (Ni, Co, Fe) the
main approach of this work was to increase the W content in Ni-W,
Co-W and Fe-W coatings, namely from 5 to 30 at.%, and thereby to



investigate its influence on electrocatalytic performance towards
HER. In order to vary the composition of alloys the pH of the cor-
responding plating bath was changed in the range of 5.0 = 8.0
(Table 1). The influence of pH on the chemistry of electrolytes and
composition of W alloys with the iron group metals are compre-
hensively described in Refs. [40,48]. In order to compare the
electrocatalytic properties of the obtained W-alloys, Ni, Co and Fe
also were deposited under the same electrolysis conditions. In this
case the pH of 6.7 chosen for electrodeposition, because it is an
initial value which is settled after mixing the components of
corre-sponding solutions. The representative SEM top-view images
of the various compositions of Ni-W, Co-W and Fe-W alloys along
with Ni, Co and Fe metals for comparison are shown in Table 2.

As it can be seen, the iron group metal coatings have the surface
morphology clearly different from their binary alloys with W. In
general, with increasing the W content a transition in the surface
morphology from the deposits with angular/facetted structure
(characteristic to Ni, Co and Fe) to nodular nature coatings (specific
to W-rich alloys) was determined. Notable, the alloys are charac-
terized by more homogenous and denser morphology. The surface
roughness measurements (Table 3) further reveals that the addition
of W can smooth the Ni-W and Fe-W alloy surfaces. In these cases
the average surface roughness (R,) decreases from ~600 to 700 nm
(for iron group metals) to ~300 nm (at 30 at.% W). These observa-
tions are in a good agreement with the characteristics expected for
ultra-nanocrystalline alloys with increased W content in the alloy's
composition [49—51]. Unlike, the R, of electrodeposited Co-W
coatings shows the tendency to increase with the higher W per-
centage in the alloy's composition and attain its maximum for Co-

Table 2

Table 3
The average roughness, current efficiency and grain size of the as-deposited
coatings.

Sample Roughness, nm Current efficiency, % Grain size, nm
Ni 686 47.6 22.7
Ni-5 at.% W 639 44.2 14.9
Ni-20 at.% W 397 31.1 10.0
Ni-30 at.% W 270 21.8 43
Co 322 91.3 33.7
Co-4 at.% W 171 89.6 27
Co-20 at.% W 416 83.0 23.7
Co-33 at.% W 487 35.5 1.5
Fe 556 66.5 41.8
Fe-5 at%s W 410 50.2 214
Fe-20 at.% W 256 46.9 1.5
Fe-31 at.% W 310 374 15

33at.%W (R;=487 nm). The “cauliflower” type structures that
appear as aggregates of the smaller grains are clearly observed in
the SEM picture of this surface.

It is well known that the electrodeposition of W-based alloys
from aqueous electrolytes occurs with the significant hydrogen
release, resulting in the distortion of coating's structure due to the
hydrogen saturation, which provokes the cracking of the coatings
[52]. The presence of the microcracks on the surface results in a
decrease of fatigue life and localized corrosion problem that is one
of the main limitations of using W alloy coatings for the target
purposes [15,28]. Though there is some data declaring that the

SEM micrographs of Ni, Co, Fe and Ni-W, Co-W, Fe-W electrodeposits made at higher (x6000) and lower (x500, inserts) magnifications.
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formation of the microcracks leads to the higher electrocatalytic
activity of electrode for HER. The reason behind that cracks, being
filled with electrolyte, render a greater part of the internal surface
of the electrode accessible to electrochemical gas evolution [53,54].
From the SEM images made at lower magnification the presence of
the cracks on Ni-W surfaces at 5 and 29 at.% W can be noticed,
whilst the electrodeposited Co-W and Fe-W coatings having
similar composition are uniform and no cracks can be observed
(Table 2). This could be attributed to the lower cathodic current
efficiency of Ni-W alloys (Table 3), and consequently, more
intensive hydrogen evolution during the deposition due to the
higher initial Ni catalytic activity towards HER in comparison with
the Co and Fe. The Ni-5 at.% W coating has the cracking pattern
characterized by the highest density. Since the formation of
spherical nodular structure becomes more favorable for Ni-29at.%
W, the crack density de-creases. Similar observations have been
made in Ref. [28].

Structure. The catalytic activity of electrodes is also strongly
influenced by their crystal structure, especially, nanocrystalline or
amorphous states have been reported as the most attractive to-
wards HER [35]. Furthermore, amorphous alloys are known to
exhibit higher hardness, better tribological properties [55] and also
a better corrosion behavior compared to those of crystalline ones
[56]. The X-ray diffraction (XRD) spectra of the deposits are given in
Fig. 1. It was established that the crystallinity of W alloys with iron
group metals is associated to W content, i.e. Ni-W and Co-W
coatings with a low tungsten percentage (<22 at.%) have the crys-
talline structure and coatings with the higher tungsten content are
ultra-nanocrystalline. Notable, the crystalline to ultra-
nanocrystalline transition for Fe-W alloy is occurs at lower W
content, namely 15—17 at.%, that value is slightly lower than it was
reported by other authors [24,57]. The alloys having low-W content
did not show any evidence of additional diffraction lines relating to
elemental tungsten or W- compounds, only those for hcp Co, fcc Ni
or bec Fe lattice. Furthermore, a shift of Co, Ni and Fe peaks towards
smaller diffraction angles is observed. This suggests that during
tungsten co-deposition with iron group metals bigger W atoms are
incorporated into crystalline lattice of Ni, Co or Fe and corre-
sponding solid solutions are formed. These observations agree with
the previous works in which W-based alloys were prepared from
gluconate or saccharin containing bath [30,58,59]. Meanwhile at
the high tungsten content (~30 at.% for Ni-W and Co-W; > 20 at.%
for Fe-W) the single broad peaks revealing the ultra-
nanocrystalline (the crystallite size is less than 4 nm) structure
can be observed. In the literature it is widely described that such
peak broadening is attributed to the reduction of the crystallite size
of an alloy with an increase in the amount of tungsten [40,51].
Indeed, the crystallite sizes decreases from 27 nm to ~1.5 nm for Co-
W alloy; from 15 to ~4 nm for Ni-W alloy; from 41 nm to ~1.5 nm for
Fe-W alloy with increasing the W percentage from 0% (iron group
metals) to 30 at.% (Table 3). However, in the case of the broad peak
in XRD pattern it is difficult to strictly determine to which phase it
is attributed. Nevertheless, based on the equilibrium phase dia-
grams [60—62] and previous investigations, it can be assumed that

Ni-5 at.% W _Co30at% W ML““
/\_ Ni-24at.% W Co-24 at.% W A %W
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3 Ni-22at.% W ] A Co-22at.% W o [ sty
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2
'g Ni-20 at.% W Z l Co-20 at.% W E’
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Fig. 1. XRD patterns of as-deposited Ni, Co, Fe and Ni-W, Co-W, Fe-W coatings.
Composition of alloys is given in at.%.

the W solid solutions in Ni, Co or Fe together with their corre-
sponding thermodynamically stable intermetallic phases of CosW
[40,63], FeaW [ 57], Nig W [ 17,64 ]. It was shown that different
intermetallic phases have an impact on their activity for the HER
[65,66].

The values of crystallite sizes is confirmed by diffraction pat-
terns obtained by TEM (see Fig. 2). It shows that alloys consist of
few nanometers sized crystallites, and the crystallinity of Co-W
alloy is more evident in comparison with Ni-W alloy.

The metal distribution was also examined. Here we present the
characteristic results obtained for NiW alloy. As it seeming from
comparison of the TEM images of Ni-W alloy spot presenting
mapping of elements (see Fig. 3), both Ni and W are present onto
entire sample (see Fig. 3 c and d). However, as it is shown in Fig. 3
b, there are some regularly located (several nanometers in
diameter) spots with significantly higher amount of W are present.
It was also proved that the spots with higher concentration of W
are crystal-line (see inset in Fig. 3a). The TEM results suggest that
material obtained in electrodeposition process consists of two
phases: tungsten solution in nickel (amorphous phase with lower
tungsten content) and intermetallic, crystalline phase of
intermetallic com-pounds containing higher percentage of
tungsten, e.g. NiW. Detailed identification of the stoichiometry of
the crystalline phase require more advanced TEM and XRD
measurements and will be a subject of further examination.

3.2. Electrocatalytic hydrogen evolution on Ni-W, Co-W and Fe-W
coatings

The steady-state equilibrium method is one of the simplest
techniques for investigating the electrocatalytic activity in the
alkaline water electrolysis [67]. Hence, in order to investigate the
catalytic activity of the prepared Ni-W, Co-W and Fe-W electro-
catalysts having different W content, linear sweep voltammetry
measurements were performed in 30wt% NaOH solution at
25 + 2 °C. The polarization curves of the investigated samples are
presented in Fig. 4(a—c). The corresponding electrochemical pa-
rameters (Tafel slope (b.), apparent exchange current density (jo),
and overpotential at j = - 200 mA cm ™2 (1200)) obtained from the
linear part of semi-logarithmic polarization plots (Fig. 4(d and e))
are summarized in Table 4. The comparative studies were per-
formed on the electrodeposited Ni, Co and Fe coatings and metal-
lurgical Pt under the same experimental conditions. It was found
that Tafel slopes vary in the range from - 185 to - 142 mV dec™! for
Ni-W, from - 189 to - 146 mV dec™! for Co-W and from - 233 to -
176 mV dec~! for Fe-W alloy coatings with increasing the W per-
centage from O to ~30 at.%. These values are in a good agreement
with previous works based on W(Mo) and iron group metal

Fig. 2. Diffraction patterns obtained by high resolution TEM of Ni—29at.% W
and Co—33at.%W alloys.



Fig. 3. High resolution TEM images of the Ni-W sample; (a) bright field TEM image of
examined spot; (b) EDX map of Ni and W distribution; (¢) EDX map of Ni distribution;
(d) EDX map of W distribution.
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Fig. 4. Cathodic polarization curves of hydrogen evolution in 30 wt% NaOH at 25 + 2 °C
for electrodeposited coatings with different chemical compositions (a—c) and the plots
in semi-logarithmic coordinates (d—f). The scan rate is 2mV s~’. The composition of
alloys are given in at.%.

catalysts for the HER [23,31,68,69]. It is widely accepted that the
HER kinetics in alkaline medium involves the electron-coupled
water dissociation (the Volmer step for the formation of adsorbed
hydrogen) and the combination of adsorbed hydrogen into mo-
lecular hydrogen via either the interaction of the H atom and water

Table 4
Electrochemical parameters at 25 + 2 °C for as-deposited coatings and metallurgical
Pt.

Electrode be/mV dec™! jo/mA cm—2 N200/mV
Ni 185 1.5.1072 - 586
Ni-5 at. %W 175 24 -1072 - 584
Ni-20 at. %W 160 73.1072 - 503
Ni-29 at. %W 142 55.10" - 419
Co 189 35.10°3 - 664
Co-5 at. %W 184 1.6 - 1072 -621
C0-20 at.%W 176 38.10°2 -611
Co-33 at %W 146 23.107! - 490
Fe 233 1.0-1073 - 673
Fe-5 at.%W 204 1.9.103 - 637
Fe-20 at.%.W 182 9.1.1073 -517
Fe-30 at.%.W 176 16102 - 488
Pt 122 26- 10 - 363

molecule (Heyrovsky step), or the combination of two H atoms
(Tafel step) [70]. Each step can determine the overall rate of the
reaction. According to this general model, the Tafel slope of 118 mV
dec!at 20 °C indicates that the process is controlled by the Volmer
reaction step. While if the Tafel slope is ~40 or ~30mV dec™!, the
rate-determining step would be Heyrovsky or Tafel reactions,
respectively [47]. Table 4 shows the Tafel slopes are close to 118
mV dec”!, and thus indicating that the Volmer reaction step is the
controlling step of the HER in the alkaline solution in this study. The
Tafel slopes greater than the theoretically predicted is related to the
presence of the barrier-type oxide film on the electrode surfaces
that causes additional potential drop [31,47]. The smaller Tafel
slopes indicate the minor change in electrode overpotential for the
larger increase in HER current. According to this can be assumed
that the W-rich (~30at.%) electrodes are characterized by faster
hydrogen gas production.

At the same time, the apparent ECD values on the active elec-
trocatalyst are desired to be as large as possible, because the higher
ECD reflects the faster kinetics toward the redox reaction, i.e. lower
overvoltage must be applied to create a significant current flow
[71]. It was found that the apparent ECDs on binary W alloys are
considerably higher than in the case of Ni, Co and Fe
electrodeposits (see Table 4). Especially higher values of the
hydrogen evolution rate were observed with increasing W content
in the coatings. As it was shown in previous section, W-rich (~30 at.
%) alloys are char-acterized by a refined grained (ultra-
nanocrystalline) structure that probably offer the greater activity
due to the better dispersion of the catalyst active sites and higher
affinity for hydrogen absorption [35,72]. Indeed, both increased
surface area and intrinsic reactivity can have significant effect on
the enhanced catalytic behavior of a target material. Thus, in order
to evaluate the intrinsic activity of the electrode in the HER, it is
very important to estimate it's real electrochemically active area.
However, in our case the higher roughness of the electrode surface
that has been observed by SEM imaging and surface topography
measurements for the alloys rich in iron group metals (Ni, Co, Fe)
did not show the enhancement of the electrochemically active
surface area. Contrary, the most active W-rich electrodes
characterized by relatively low surface rough-ness (~300 nm for
Ni-30at%W and Fe-31at.%W), compact and ho-mogenous
morphology, without any pronounced pores or cavities
demonstrated the highest catalytic activity. This phenomenon is
comprehensively described in Ref. [73] where it is concluded that
the geometric effects of the alloys can be used only for a ‘fine-
tuning’ of the catalytic behavior. Hence, the main factor influencing
outstandingly high electrocatalytic activity of the W(Mo) alloys



with iron group metals towards HER could be explained by the
synergistic electronic effects [74]. Generally, it was explained that
the metals of the left half of the transition series in the periodic
table with empty or less-filled d-orbitals (e.g. W/Mo) are alloyed
with metals of the right half of the series with more filled d-bands
(e.g. Ni, Co, Fe) and the maximum in bond strength and stability of
the intermetallic alloy phases is expected [75,76]. Although the
corresponding intermetallic compounds are formed in all W-based
alloys at the highest co-deposited W content, the influence of the
iron group metal nature on the apparent hydrogen ECDs can be
noticed. Ni-29at.%W coatings have shown to be the best overall
catalyst. Notable, in Ref. [35] the higher catalytic activity of the
ultra-nanocrystalline Ni-W alloy was proposed to occur due to the
presence of cracks or/and discontinuities on the surface that lead to
the higher affinity for hydrogen absorption. Meanwhile in our case
even the crack-free Ni-20at.%W electrodeposit showed the higher
apparent ECD compared to Co-20at.%W and Fe-20at.%. This sug-
gests that the surface area of the cathode is not the main factor
which controls the catalytic behavior. Thus, the origin of the
enhanced electrocatalytic activity of Ni-29at.%W could be attrib-
uted to the structure peculiarities, more specifically the presence of
the intermetallic Ni4W phase which in previous works was char-
acterized by the fast water dissociation kinetics that allows
improving of the HER performance [77]. Indeed, the computational
and experimental results revealed the fact that the kinetic energy
barrier of the initial Volmer step is substantially reduced on the
such type intermetallic phase catalysts [77]. What is more, it was
demonstrated that NigW phase is more stable under liquid phase
reactions [78,79]. Finally, based on the bipolar electrodes method
calculations [80] was concluded that Ni-based electrodes produce
the higher number of active sites for the HER than those containing
Co and Fe. These assumptions correspond well to previous works
reporting the higher catalytic activity for refractory metal alloys
with Ni than those containing Co in their composition [81,82].
Notable, the apparent ECD values of Fe-W alloys are of magnitude
lower than those determined for Ni-W and Co-W deposits with the
analogous compositions (Table 5). This can be related to the higher
iron-based compounds affinity to the oxygen and formation of the
natural oxide film on the surface which leads to the reduced con-
ductivity [83]. Whilst oxygen affinity for Ni and Co is less than for
Fe [84]. Thus, the least compact oxide film is expected to form on
Ni-W alloys [85]. To sum up, the apparent ECDs of ultra-
nanocrystalline W coatings are higher than that of crystalline ones
and the most active electrodes follow the sequence: Ni-29 at.%W >
Co-33 at.%sW > Fe-30 at.% W.

It is known that the ECD characterizes the electrocatalytic ac-
tivity of the electrode at equilibrium conditions. However, a certain
current density is required for the HER to proceed at a measurable
rate. Therefore, in order to compare the electrocatalytic activity of
electrodes, it has been suggested to compare rather the overvoltage
at the fixed current density [86]. In the light of these facts, in this
study the overpotentials at - 200 mA cm ™2 (1209) were investigated
in order to compare the apparent activity of the electrodeposited

Table 5

Experimental values of the apparent ECD (jo, mA cm~2) and Tafel slopes (b, mV
dec™!) for as-deposited alloy electrodes at different temperatures (composition is
given in at.%).

Electrode 25°C 35°C 45°C 55°C 65°C

jO bc jO bc jO bc jU bc jO bc

Ni-29W 055 142 15 134 29 118 59 97 145 78
Co-33W 029 146 091 139 1.2 134 27 101 60 93
Fe-30W 0.016 176 0.019 160 0.041 149 0.12 143 029 139

tungsten-based alloys. The results showed that the overpotential
reduction at the above mentioned current density for all coatings
follows the sequence of chemical composition: iron group metals
>5at.B3W > 20 at.%W > ~30 at.%3W, thereby confirming the previous
conclusions that the ultra-nanocrystalline electrodes are charac-
terized by the highest electrocatalytic activity for the HER in 30 wt%
NaOH at 25+ 2°C.

Effect of electrolyte temperature. It is known that the temperature
of alkaline bath plays an important role on the increase of the
catalytic activity of W(Mo)-based cathodes towards the HER
[11,87]. Hence, the electrodeposited Ni-29at.%W, Co-33at.sW and
Fe-30at.%W alloy electrodes that demonstrate the higher apparent
catalytic activity were tested at the temperature range from 25 to
65 °C by applying 10 °C increments. The characteristic polarization
curves obtained for the HER in 30 wt% NaOH on the different
electrodes at 25, 45 and 65 °C are displayed in Fig. 5 (a, ¢, e). Kinetic
parameters determined from the linear part of the Tafel curves (Fig.
5 (b, d, f)), i.e. apparent exchange current density, Tafel slopes, and
N200 are presented in Table 5. The higher temperature exhibits the
significant effect on the HER, leading to the distinct reduction of
Tafel slopes which is opposite the prediction of classical theory.
Apparently, the catalytic activity depends not only on the syner-
gistic effect and/or increased surface area, but also on the surface
characteristics.

It was determined that an increase in the bath's temperature
induces the formation of a thicker oxide layer, i.e. from 0.02 to 0.7
A for Ni-29at.%W, from 0.1 to 0.46 A for Co-33at.%W, from 2.6
to 7.1 A for Fe-30at.%W. As revealed by XPS analysis [17], the
electrodeposited iron group metals alloys of high W-content are
covered with a surface layer of the tungsten-based oxides. It is
known that tungsten oxide, WOs3, has been long accepted as a

promising non-precious-metal electrocatalyst for hydrogen
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electrodeposits. The scan rate is 2mVs~".



production [90]. Thus, can be assumed that during the HER at the
higher temperature of the solution the thicker oxide layer charac-
terized by catalytic activity results in the lower Tafel slopes. Also the
oxide layer can influence the process of hydrogen adsorption. On
this basis the real contribution of oxides for catalytic activity is yet
another area of enquiry for future investigation. In addition, there is
a significant increase in the apparent ECD for all investigated ultra-
nanocrystalline electrodes towards HER with increasing tempera-
ture. The highest apparent ECD of 14.5 mA cm 2 and the lowest
Tafel slope of 78 mV dec™! presented in Table 5 were determined
for Ni-29at.%W sample at 65 °C, indicating that this catalyst is the

most active for the HER among the Co-33at.%W and Fe-30at. %W
under similar conditions. This was confirmed by the lower over-
potential value at —200mAcm 2 determined for Ni-29at.%W
electrode (7200 =- 120 mV) than that determined for Co-33at. %W
and Fe-30at.%W (ny00=- 146 and - 429 mV, respectively). For
comparison, the apparent ECD obtained for metallurgical Pt was
9.1 mA cm 2 with the Tafel slope value of 119 mV dec™! and 7299 of
106 mVat 65°C.

In order to better compare the electrocatalytic activity of the
most active ultra-nanocrystalline W alloy electrodes, the apparent
activation energy (E;) for the HER in accordance with the Arrhenius
relation (Fig. 6) was also estimated. The calculations revealed the
following activation energies: 23.5kJmol~! for Ni-29at.%Ww,
26.0 kj mol~! for Co-33at.%W and 29.8 k] mol~! for Fe-30at.%W. It
is known that the lower the E, value is, the lower the energy re-
quirements for hydrogen production are. Hence, the above
mentioned results suggest the best catalytic performance of elec-
rodeposited Ni-29at.%W catalyst which is highly comparable to that
for Pt under the similar experimental conditions
(Ea=19.2 Kk mol~1).

Notable, the apparent ECDs for W alloys towards HER at 65 °C
found in this study in some cases seem to be much higher than that
in other works, implying higher catalytic activity of the electro-
deposited coatings (Table 6). This could be related to the different
experimental conditions, i.e. higher concentration of the alkaline
solution, elevated bath temperature, surface condition, etc. Never-
theless, the obtained results are of a significant importance,
because the enhanced catalytic performance described above
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Fig. 6. Arrhenius plots for ultra-nanocrystalline Ni—29at.%W, Co—33at%W and
Fe—30at.%W alloys.

Table 6

Comparison of the ECDs derived from the literature for W-based alloy electrodes.
Sample W content, at.%  Media joomAcm 2  Reference
Co-W 18.9 1.0 KOH, 65°C 1.1.10°2 [11]
Co-W 10 1.0 M NaOH, 25°C 7.65 - 1072 [23]
Co-W 27.3 1M NaOH 113 .1072  [89]
Co-W 226 30wt% KOH, 25°C 12 -1073 [32]
Ni-W 18.1 65-1073
Ni-W 10 1.0 M NaOH, 30°C 5.0-1072 [20]
Ni-W Not specified 30 wt% KOH, 80°C 2.83 [75]
Ni-W 40 33 wt% KOH, 25°C 143.5 [35]
Ni-W 29 30 wt. NaOH, 65°C 14,5 This work
Co-W 33 6.0
Fe-W 30 29.107"

supplements the previous findings showing the outstanding me-
chanical [14,40], anti-corrosion [28,88] of W-rich alloys and allows
proposing them as suitable materials not only for effective cathodes
for HER, but also for the design of the electrodes with multifunc-
tional capability.

4. Conclusions

The electrocatalytic performance of electrodeposited Ni-W, Co-
W and Fe-W alloys (0 + 30 at.% W) as the effective cathodes for the
HER was investigated using linear voltammetry technique in 30 wt
% NaOH at the temperatures ranging from 25 to 65 °C. It was found
that alloying of Ni, Co, Fe with W results in the increased electro-
catalytic activity towards HER when compared to single iron group
metals. Furthermore, it was demonstrated that the higher content
of W results in an enhanced HER catalytic activity and electrodes
with ~30at.% of W demonstrated the lowest 1,99 values and the
highest apparent ECDs at 25 °C. This could be related to the for-
mation of the stable ultra-nanocrystalline intermetallic compounds
and the occurrence of a so-called synergistic effect. At the elevated
temperature of NaOH solution a significant improvement of cata-
lytic activity leading to the distinct reduction of the overpotential
and the enhancement of the apparent ECD of the ultra-
nanocrystalline cathodes was noticed. The apparent ECD values at
65 °Creduced in the following order: Ni-29at.%W>Co-33at.%W>Fe-
30at.%W. Moreover, the Ni—29at.%W electrode was characterized
by the lower activation energy (23.5 k] mol~!) than the Co—33at.%
W (26.0k] mol~") and Fe—30at.%W (29.8 k] mol~!) coatings. Such
catalytic activity of Ni-29at.%W that is comparable to that of
metallurgical Pt probably could be link to the higher number of
active sites for the HER and stability of intermetallic NigW phase.
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