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ABSTRACT

Innovative multifunctional materials enhance overall operational device
performance by incorporating a number of tailorable properties, e.g. thermal,
mechanical, electrical, catalytic, etc., into a single material. Such
multifunctionality allows reducing the energy consumption, and cost of the
processes, while simplifying implementation and improving performance
and durability of devices. It is widely described that the electrodeposited iron
group metal (Co, Ni, Fe) alloys with W/Mo are characterized by the
promising physical properties, e.g. hardness, ductility, strength, etc.
However, some discrepancies related to their electrochemical properties
(catalysis towards hydrogen evolution, methanol oxidation, corrosion
behaviour) even with the same chemical composition reported from author
to author can be found.

This confirms the sensitivity of the characteristics to the provided
conditions of electrolysis that influence not only chemical but also phase
composition, which in turn, influence the electrochemical properties as a
whole. In this context, for the first time a comprehensive analysis of
electrochemical behaviour, i.e. alkaline hydrogen evolution reaction (HER),
methanol oxidation and corrosion behaviour in acidic media, of iron group
metals alloys with a wide range of W/Mo content in composition and the
distinct structures is presented in this work.

The W-containing coatings having 2-30 at.% of W were electrodeposited
by varying electroplating conditions, i.e. current density, potential,
temperature, pH. Since the activity towards HER is expected with the higher
refractory metal content in composition, Mo-rich alloys (~ 50 at.%) were
prepared by performing electrolysis from the acetate-based electrolyte.
Different techniques such as Scanning Electron Microscopy (SEM), Energy
Dispersive Spectroscopy (EDS), Transmission Electron Microscopy (TEM),
X-ray Diffraction (XRD), Linear and Cyclic Voltammetry (CV),
Electrochemical Impedance Spectroscopy (EIS) were used to characterize
the composition, morphology, structure and the electrochemical properties of
the coatings.

It was found that the alloys with a high content of refractory metals (> 22
at.% W for Ni-W and Co-W; > 17 at.% W for Fe-W and ~ 50 at.% Mo) are
characterized by ultra-nanocrystalline structure with a crystallite size
decreasing from ~ 40 nm (for pure iron group metals) up to 2-6 nm. The
latter coatings are composed of two phases: tungsten/molybdenum solution
in iron group metal and corresponding intermetallic compounds. Apparently,
a significant amount of the refractory metal and ultra-nanocrystalline



structure of the alloys predetermines improved electro-catalytic properties
towards HER as well as the corrosion resistance in an acidic solution.

Apparently, the higher catalytic activity of the ultra-nanocrystalline alloys
is attributed to the formation of stable intermetallic phases which ensures
optimal metals distribution over the surface and produces larger active sites
for the HER. A significant improvement of catalytic activity leading to the
distinct reduction of the overpotential and the enhancement of the apparent
exchange current density (ECD) was noticed with increasing the temperature
of alkaline solution. The apparent ECD values at 65°C reduced in the
following order: (in at.%): Co-52Mo > Ni-54Mo > Fe-54Mo>Ni-29W>Co-
33W>Fe-30W. The highest apparent ECD obtained for Co-52at.% Mo
electrode reached 46.2 mA cm and is much higher than that for obtained for
Pt under the same experimental conditions (11.5 mA cm). Notable, the
nanostructurization by electrochemical formation of alloys nanowires (NWS5s)
into porous templates enables enhanced HER, e.g. the apparent ECD
increases on Co-5at.%W electrode increases from 0.02 mA cm? (coating) to
3.7 mA cm? (NWs).

Also it was determined that the highest corrosion resistance in sulfuric acid
solution is characteristic for the Co-W alloy with 24 at.% of W in which the
phase transition from W solid solution in Co to CosW intermetallide occurs.
The CosW phase enhances good corrosion resistance in H,SO4 medium and
leads to the positive catalytic effect towards methanol oxidation reaction.
The anodic peak current density of methanol oxidation reaches 12.3
mA-cm 2, whereas this value for Pt under the same laboratory conditions
was 2.4 mA-cm 2.

Moreover, the addition of the third element into binary iron group metal
alloys with W allowed improving the corrosion resistance of the coating in
the acidic media and in such way to broaden the range of their possible
applications in engineering fields (jeorr Of the proposed Co-Cu-W alloy
decreases from 1.9-10* to 6.9-10° A cm?) as well as in food industry
machining (jeorr of proposed Fe-W-P alloy decreases from 4.3-10° to 1.8-:10°
A cm). One more effective modification method for expanding the usage of
iron group metals alloys is the formation of their nanowire composites with
Au nanoparticles that open the new frontiers for bio-functionalization
capabilities that may lead to the development of the nanowire-based sensors
for biological and medical applications.

Keywords: electrodeposition, iron group metals alloys, tungsten,
molybdenum, citrate electrolyte, catalytic properties, corrosion resistance,
hydrogen evolution reaction, methanol oxidation reaction.
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INTRODUCTION

Electrodeposition is a well-known conventional surface modification
method, which is used to improve the decorative and functional surface
characteristics of a wide variety of materials. During the last few decades,
electrodeposition has gained importance as an accepted versatile technique
for the preparation of nanoscale materials, offering control over their
structure, composition and properties, and thus, facilitates the preparation of
novel materials with enhanced properties that cannot be obtained by other
techniques [1]. This target may be especially assured, when
electrodeposition of alloys of iron group metals (Co, Ni, Fe) with W/Mo are
realized.

Apparently, the different physical and electrochemical properties of these
alloys make them useful for specific purposes, i.e. some of them can be used
for their mechanical properties, others for their magnetic properties, others
for their high thermal resistance and so on. However, for many applications
the combination of competing functional properties is often desired in one
material. Thus, the synergism of improved tribological and corrosion
properties along with increased thermal stability of nanostructured coatings
are expected to protect surfaces of articles and tools exposed simultaneously
to elevated temperatures, corrosive media and various types of wear. The
combination of high hardness and good electric and/or catalytic properties
could be applied in stretchable circuitries and energy devices that are able to
perform sophisticated functions and keep the desirable electrode shape under
external stimuli of bending, stretching, compressing, and twisting without
sacrificing performance and reliability of the device. In other words, the
design of multifunctional nanostructured alloys could open the next
technology frontiers by providing the desired material solutions to complex
technological problems.

In this context, nanocrystalline iron group metals alloys with W/Mo
deserve a special note, since they present a tremendous potential as
decorative coatings and due to the highly tuneable mechanical, tribological
and thermal properties that can be modified in accordance with the
technological requirements only by changing their chemical composition.
More specifically, the nanohardness of “amorphous-like” W/Mo-rich alloys
(with = 23 at.% of refractory metal) with iron group metals reach 10 GPa at
20 mN. Such hardness is comparable to the hardness of electrodeposited
chromium at the same load [2]. Also, these alloys have a superior wear
resistance than those of steel substrate under dry and lubricating conditions
[3], and can achieve a tensile strength up to 2333 MPa as well as high
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ductility and complete bending to 180° without fracture [4,5]. Furthermore, a
remarkable thermal stability up to 800°C has been determined [6]. Because
of these above-mentioned physical properties, iron group metals alloys with
the high W/Mo content are considered as suitable target materials for
development of multifunctional technologies. However, since they have
been widely investigated owing to their mechanical, tribological and thermal
properties, the works on the corrosion behaviour and electrocatalytic
performance are rather scare, while the published results so far cannot be
systematically generalized due to the fact that most of the investigated alloys
are prepared under different electrodeposition conditions and by using
various electrolytes that strongly influence their composition and structure
and therefore, functional features.

Thus, the aim of present work is to perform the systematic studies of
interdependences between the electrodeposition conditions of the iron group
metals alloys with W/Mo and their electrochemical properties: a catalytic
activity towards hydrogen evolution and methanol oxidation reactions and
corrosion behaviour are targeted, in order to unlock a great potential for their
application, especially in multifunctional energy conversion devices.
Following an attempt to bring an industrial application of the prepared alloys
one step closer, the knowledge gained from the results of their
electrodeposited coatings has been used to the successful implementation of
template-assisted electrodeposition of Co-W nanowires. Furthermore, a
novel concept for fabrication of the hybrid nanocomposite, composed of Au
nanoparticles and a Co-W matrix has been presented here.

With the aim of giving a consistent overview, in this work alloys’ coatings
were electrochemically deposited from citrate-based electrolytes that have
been used in the previous studies by N. Tsyntsaru et al. and H. Cesiulis et al.
and that allow to synthesize alloys with the refractory metal content ranging
from 2 up to 36 at.% in a controlled way [6,7]. The inherent advantage of
this strategy is environmental compatibility due to the fact that the process
includes both the treatment of effluents and waste and the development of
functional materials with less harmful effects, often denoted as process-
integrated environmental protection.

13



The goal of the study:

To perform a comprehensive investigation on the electrodeposition of iron
group metals alloys with W/Mo with variable morphology, composition and
crystallite size (nanocrystalline vs. ultra-nanocrystalline) and correlate the
observed features with the catalytic activity towards alkaline HER and MOR
and corrosion behaviour in acidic media.

Objectives:

1.

To design the electrodeposition conditions (pH, current density/potential,
temperature, bath composition) for preparation of W/Mo alloys with Co,
Ni, Fe having various W content in their composition, and to determine
the relationships between W/Mo content and morphological and
structural peculiarities.

To establish the interdependences between the composition, surface
morphology of iron group metals alloys with W/Mo and the electro-
catalytic activity towards the HER in alkaline medium.

To optimize electrodeposition conditions for Co-W alloys fabrication in
order to promote the methanol electro-oxidation reaction in an acidic
solution.

To investigate the corrosion properties of Co-W alloys in acidic medium
as a function of both the content of W and microstructure.

To present the possibility of the controlled electrodeposition of Co-W
nanowires into nanoporous polycarbonate template and modification
with Au nanoparticles in order to fabricate novel nanowire-nanoparticle
complex structure.

Statements to be defended:

1.

The composition and structure of iron group metals alloys with W/Mo
resulting from the electrodeposition are the key parameters to obtain
materials possessing targeted electrochemical properties (HER, MOR,
corrosion).

The heterostructured catalysts fabricated by alloying of the iron group
metal and W/Mo, including with the addition of Cu or P, provide
improved electrochemical properties (HER, MOR, corrosion), compared
to the single iron group metal catalysts.

Nanofabrication is a method to expand the applicability of fabricated
alloys, which as nanowires of Co-W alloy arrays possess higher catalytic
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activity towards HER or can be modified with Au as a novel
nanocomposite for promising sensing application.

Organization of the text:

The content of this thesis is organized into different chapters:

Chapter 1: an introduction that sets out the main goal and objectives of the
thesis.

Chapter 2: the theoretical concepts related to the electrodeposition of iron
group metals (Co, Ni, Fe) alloys with W/Mo and the overview of their
functional properties quoting the results reported in the literature with the
special emphasis laying on the electrocatalytic (HER, MOR) and
anticorrosion behaviour.

Chapter 3: the electrodeposition set-up and experimental conditions used
for the fabrication of Co, Ni or Fe alloys with W/Mo that have been
investigated in this work; various techniques for compositional,
morphological and structural characterization of the prepared samples and
the assessment of their catalytic activity and corrosion resistance.

Chapter 4: the obtained results and discussion based on a compliance of the
articles that are provided at the end of this work.

Chapter 5: the summary of the results obtained from experiments.
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1. LITERATURE OVERVIEW

Elaboration and further development of modern devices/technologies is
based on a profound understanding of the mechanism of targeted materials
formation, as well as on the interdependences between their structure and
functional properties. Furthermore, only a full mapping of functional
properties allows to intuit the optimal design principles. Namely, often
materials are expected to possess a combination of different properties (e.g.
high hardness, wear and corrosion resistance, enhanced catalytic activity,
etc.) in order to be able to fit in the demanding world of advanced
technologies. One of the methods to manufacture such materials with multi-
functional characteristics is electrodeposition. Accordingly, in this chapter
the fundamentals of electrodeposition of iron group metals (Co, Ni, Fe)
alloys with tungsten, as targeted materials, and their mechanical, tribological
and electrochemical properties reported in scientific literature are
introduced; including the key advantages of the electrodeposition technique
that are presented below.

1.1 Advantages of electrodeposition technique

In general, nanocrystalline iron group metals (Co, Ni, Fe) alloys with
W/Mo can be prepared by several techniques, such as spark plasma sintering
[8,9], magnetron sputtering [10], hydrothermal treatment [11], mechanical
alloying [12-14], electroless deposition [15,16] and electrochemical
deposition [17]. However, the metallurgical methods are not attractive due to
the easy oxidation at the crystallization step and high melting temperature of
alloying metals, e.g. 1495°C for Co [18] and 3422°C for W [19].
Consequently, the metallurgical fabrication of refractory metal-based alloys
is very expensive due to the high energy consumption. Thus, among all
available alternatives, a water based electrodeposition process is considered
as simpler, cheaper and more environmentally friendly method, than those
requiring sophisticated apparatus, volatile and corrosive chemicals and extra
energy that must be incurred to keep the system in a liquid state [20].

The electrodeposition technique involves deposition of metal or alloy
coatings over a conducting surface by means of electrolysis from a well-
formulated electrolyte [21]. Several components, including concentration of
metal ions in the plating bath, temperature of the electrolyte, current
density/potential, etc., can be adjusted in order to affect the outcome.
Electroplating is a common metal finishing process with several industrial
functions, ranging from the purely decorative to the application of protective
coatings [22]. Notable, that the coatings of metal or alloys can be plated on a
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substrate surface of any shape and no post-processing is required [23]. In
addition, it is possible to use large tanks as electrolytic cells, and therefore,
large-area deposits with reproducible properties that are required for a
widespread use of nanocrystalline materials for technological applications
can be produced. The process can be carried out at low temperatures (<
100°C), under atmospheric pressure, and the overpotential for the film
growth can be controlled very precisely (< 1 mV) and quickly (~ ns) [21].
Besides, using the cathode surface as a template, various desired
nanostructures or morphologies can be synthesized for specific applications.
For instance, micro/nanostructures in the silicon vias (TSV) [24,25] and
highly ordered porous anodic aluminum oxide (AAO) templates [26,27]
have been reported. From the practical point of view, the fabrication of the
micro/nanostructures as components in microelectromechanical systems
(MEMS) and interconnect vias has attracted much attention due to the
potential application in an information and communication technologies
(ICT), chemical engineering [28], micromachines [29] and robotics [30,31],
environmental engineering [32], and medical technology [33].

As is evident, the electrodeposition offers several important advantages
compared to other plating technologies (Fig. 1).

Electrodeposition

Characterization
[ Relatively low cost ]
s - - Miniaturization
r N Dense materials with ]
Fa.IIrIg'ISImpI_e and t \ high purity High-aspect-ratio
avallab’e equipmen structures with good
- ~ Precise control of the precision
Geometrically complex thickness, composition ~ <
surfaces can be coated and microstructure The laws governing scaling
N /N down of electrochemical
[ ) i 1( ) process are well
| High throwing power ;i Low defect density ] L understood y

Fig. 1. Schematic representation of the advantages of electrodeposition technique.
1pav. Elektronusodinimo technikos privalumai.

Importantly, this method allows to control and predict the composition and
structure of the alloys as a function of electrolyte chemistry and deposition
conditions. At the same time, it is possible to modify continuously the
structure of alloys being grown, with the possibility to correspondingly tune
their functional properties. Following all these arguments in the present work
a cost-effective and high throughput electrodeposition technique has been
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applied to produce a wide range of Co, Ni or Fe alloy coatings with W/Mo
as targeted materials for possible multifunctional application.

1.2 Induced deposition of iron group metals alloys with W/Mo

It is known that metallic tungsten cannot be separately electrodeposited
from aqueous solutions of any soluble salt of this element due to the
formation of an oxide layer on the cathode during electrodeposition. This
oxide film is characterized by a very low overvoltage for hydrogen evolution
and thus, the applied cathodic current practically is used for more favourable
HER instead of W (V1) ions reduction. On the other hand, as it was indicated
above, metallic tungsten can be successfully co-deposited in the presence of
iron group metal ions (Ni(ll), Co(ll), Fe(Il) [34]. Initially, it was proposed
that since the rate of hydrogen evolution on tungsten is very high, its rate on
the Ni-W alloy is considerably lower, so deposition of binary alloy, contrary
to tungsten alone, can be sustained. However, this hypothesis was
discredited by the experimental proofs showing that tungsten deposition did
not occur on mercury, even though the rate of hydrogen evolution on this
metal is very low [35]. Consequently, comprehensive studies in order to
explain this extraordinary behaviour were conducted by a number of
researchers later on. Some different models are summarized to explain the
co-deposition mechanism depending on the chosen iron group metal and
plating bath composition in [36,37]. Here, it is important to mention that
similar induced co-deposition mechanism is observed if W is replaced by
Mo and each of the latter can be coupled with the host metals, notably Ni,
Co and Fe, forming a corresponding binary alloys [38].

Within a timeline outlining the key theories of induced co-deposition can
be seen that an extensive review in this field was published by Brenner [34]
in 1963. This review introduced the concept that agueous solutions of
tungstate with an iron group metal are generally unstable and precipitated
out unless a suitable salt of a hydroxyl organic acid is also present to reduce
the quantity of free iron group metal ions in the solution. However, the
attempts to deeply understand the mechanism were lacking. The first
induced co-deposition mechanism of Ni-W alloy was reported by Holt and
Vaaler [39] who proposed that alternative layers of W and Ni are deposited:
the iron-group metal reduces firstly and the solid metal layer acts as a
catalyst for tungsten reduction. However, the difficulties of this explanation
arise from the fact that later on the XRD studies showed the formation of a
solid solution of W in Ni, which is not consistent with the layered structure.

The authors in [40,41] declare that the soluble complexes in the electrolyte,
e.g. [(M)(WO4)(H)(Cit)]*, [M(WO4)2(H2)(Cit)]*" and [M(HWO.)(HCit)]*,
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where M is the iron group metals, are addressed as the major responsible
precursors for electrodeposition of W/Mo based alloys. Based on UV/visible
absorption spectroscopy analysis the formation of [Co-gluc-WO4*] species
in Co-W-gluconate bath has been suggested in [42]. Later on the existence
of the heteropolynuclear Co—W citrate complex during electrodeposition
process has been confirmed by gel chromatography analysis method [43].

However, the complexing species model does not explain the variety in
dependencies of refractory metal content in the alloys dependently on the
electrodeposition conditions. Thus, the adsorption model has been proposed
as an alternate interpretation of the induced co-deposition of iron group
metals with W/Mo. For instance in [44] was shown that the formation of
hydroxyl species aids the adsorption of tungstate species:

Ni2* 4+ OH~ & NiOH* (1)
NiOH* + e~ © NiOH 45 2)
nWOAZL_ « (Wfog_)ads (3)

A heteropolytungstate film [HyNigW;Os]w is formed giving the following
overall deposition process:

NiOH* + 3H30% + W02~ o [HyNigW,Os],, (4)
[HpNigW;0s]yy +ne™ = Ni — W + m0?~ + nOH"~ (5)

The mechanism of the tungsten reduction to metal through the stage of
nickel ions, Ni (Il), reduction to intermediate particle NiOHas was also
suggested in [45]:

NiOH* + e~ — NiOH,qs (6)

NiOH,4s + WO%™ - (HO — NiWO0%7) 145 (7)
(HO — NiW03 )aqs + €~ = NiWO3™ + OH™ (8)
NiW03~ + 4H,0 + 6e~ - Ni® + W° + 80H™ (9)

Agreeably to the abovementioned theories based on hydroxo-species
formation was demonstrated that the electrodeposition of Co occurs via the
formation of CoOH* intermediates [46].

In course of alloys electrodeposition hydrogen evolution occurs as a side
reaction. Thus, many researchers were focused to determine the role of the
hydrogen on induced co-deposition phenomenon. It was suggested that
hydrogen is adsorbed onto the co-deposited iron-group metal and that the
inducing element is reduced at these sites [47]. This approach came from the
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observation that the higher content of W/Mo in the deposit facilitates the
hydrogen evolution reaction. However, it is also possible to find the contrary
observations that rise doubts about the role of hydrogen. For instance,
Podlaha and Landolt proposed an approach [48,49] in which the induced co-
deposition of W/Mo occurs without the need for the adsorbed hydrogen via
the catalysis reaction, assuming that the catalyst consists of a mixed
adsorbed W/Mo(1V), iron group metal M(Il) and citrate intermediate:

MCit™ + 2e~ - M(s) + Cit~ (10)
Mo02~ + MCit™ + 2H,0 + 2e~ — [MCitMoO,] 4 + 40H™  (11)
[MCitMo0,] 54 + 2H,0 + 4e~ - Mo (s) + MCit™ + 40H™  (12)

The intermediates suggested by Podlaha and Landolt was further proved by
in situ surface Raman spectroscopy in [50,51]. Important to highlight that the
Podlaha—Landolt model does not exclude the importance of the side reaction
and confirms that the adsorbed intermediates of hydrogen can also compete
with the mixed-metal intermediates, indirectly influencing the reaction rate.

However, despite the extremely high amount of alternative theories, a
consensus how iron group metals alloys with tungsten/molybdenum are co-
deposited and the nature of the inducing species has not yet been completely
elucidated. Nevertheless, the mentioned aspect does not suppress the
practical interest in these materials and since 1990s many investigations
have been devoted to the electrodeposition of iron group metals alloys with
tungsten/molybdenum. Apparently, they are of extreme interest in both
academic and industrial fields due to their ability to extend the range of
available properties beyond those of pure iron group metals.

1.3 Structure of iron group metals alloys with W/Mo

Most of the physical properties of solids are structurally sensitive.
Therefore, from the perspective of the industrial use of new materials, it is
extremely important to study their structure and stability as well as the
correlation of structure and properties of the material. In this context, the
purpose of the following subchapter is briefly to introduce the current state
of research of the structure evolution in iron group metals alloys with W.
Analogous interdependencies can be applied for Mo alloys with iron group
metals (unless otherwise stated).

The introduction of W into alloys with iron group metals (< 12-14 at.%)
leads to the transformation of their crystallographic texture: from
nanocrystalline one which is typical to pure electrodeposited Co, Ni and Fe,
to their dominant (111) texture for Co-W [52] and Ni-W [53-56,56], and
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(110) — for Fe-W [2,52] alloys. A shift of W-based alloys peaks toward
lower angles, in comparison with pure iron group metals is usually observed.
Besides, it was shown that the iron group metal lattice increases with an
increase in tungsten percentage in accordance with Vegard’s law which
implies that the lattice parameter of a metallic solid solution changes linearly
with composition between the parameter of the solvent and that of the solute
[57,58]. These observations imply the formation of W solid solution in face
centred cubic (fcc) nickel [55,59-66], W solid solution in body centred cubic
(bce) iron [67] and W solid solution in hexagonal close packed (hcp) cobalt
[68,69]. However, some controversial results are documented. For instance,
for the W content of 10 at.%, a mixture of CosW and Co7Ws, and no traces
for pure Co phase are seen in Co-W alloy system [70]. Meantime in [71] the
qualitative phase analysis revealed that peaks in the diffractograms of Ni-W
alloy coatings having 10-14 at.% of W correspond to the intermetallic
Nii7W3 phase which was also confirmed by the calculation of tungsten
content in alloys composition by using Vegard’s law. In [56] was specified
that the diffractograms of Ni-W coatings show the characteristic peaks
corresponding to crystalline Nii7Ws phase along with a crystalline tungsten
rich Ni-W phase, when the electrodeposition is performed at cathodic current
density higher than 20 mA cm2. Apparently, the prevailing phase depends
on the tungsten content based on the applied process parameters.

As the amount of W in alloys composition exceeds the solubility limit of
iron group metal (15-20 at. %) a widening of the diffraction peaks appears
indicating that the crystallite size of the electrodeposited W-based alloys
decreases [4,61,72,73]. However, due to the overlapped XRD peaks it is
rather difficult to elucidate which phases have been formed. For example, in
Co-W alloy case two possible hcp phases, namely cobalt—tungsten solid
solution in the hcp Co phase or the intermetallic CosW phase, can be
deposited [7]. Meanwhile in [74] was reported that Ni-W alloys with a W
content of around 20 at.% consist of three different phases: solid solution of
W in Ni matrix, intermetallic compound Ni,W and another solid solution of
Ni in W. The latter phase has been described also in [73], but at lower W
content (11-15 at.%). At the higher tungsten percentages (> 22-25 at.%,
depending on the electrodeposition conditions) the formation of
thermodynamically stable intermetallic compounds — NiW [61] or NisW [5],
CosW [75,76] and Fe;W [67] — have been reported for corresponding
tungsten alloy systems. Those types of electrodeposited alloys are usually of
“amorphous-like” structure, hard and characterized by smooth morphology
[4]. During the transformation of W-based alloys from crystalline to
“amorphous-like” structure the crystallite size is reduced from
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approximately 60 nm up to 3 nm [52,59,77]. Based on 3D surface analysis
given in [52] the mean roughness (Ra) of “amorphous-like” structure
coatings varied in the range of 200-500 nm. The cross sectional images
showed that the structures of electrodeposited “amorphous-like” alloys of
tungsten with the iron-group metals are fibrous and the nanofibers grow
perpendicularly to the support surface [78]. At the same time, it is well
known that amorphous state is metastable due to the large fraction of mass
concentrated at grain boundaries with an excess free energy stored at these
grain boundaries. Consequently, the annealing of “amorphous-like” alloys
will firstly lower their energy by relaxation toward a more stable state
microstructure through the so-called recrystallization process [6]. The
transition of “amorphous-like” phase to the partially crystalline or fully
crystalline state, as well as the correlation of structure and properties of W
alloys with iron group metals is presented in the following subchapters of
this thesis.

1.4 Properties of electrodeposited iron group metals alloys with W/Mo

In general, iron group metals alloys with W/Mo are characterized by
superior mechanical, tribological, electrical, corrosion and catalytic
properties. Certainly, a combination of such properties makes them suitable
for versatile purposes: e.g. as environmentally friendly substitutes for hard
chrome plating; substrates for high temperature superconductors; barrier
layers or capping layers in micro/nano electro mechanical systems
(MEMS/NEMS); catalysts for hydrogen evolution from alkaline solutions,
etc. Meanwhile, the combination of properties in one alloy could make it
suitable for the use in the applications in which different loading conditions
must be sustained. The Fig. 2 illustrates various properties for a material to
become multifunctional. Certainly, other issues, including processing
requirements (e.g. sustainability, expenses) should be considered as well.
This type of material design gives an exigent task to integrate different
functions (especially if those seem to exclude each other) into the base
material to achieve overall improved system performance.

In this context, the knowledge of individual material functions by itself is
the first step to predict multifunctional materials suitability in an application
setting. Accordingly, the thermal, mechanical, tribological, corrosion and
catalytic properties of iron group metal alloys with W/Mo are overviewed in
the following subchapters.
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A combination of these characteristics has been chosen for the strategy of
fabrication of the active and stable catalysts for HER/MOR that would be
resistant to attrition, corrosive environment, elevated operating temperature
and degradation during start-up/shutdown cycling.

1.4.1 Physical properties

The physical properties of the alloys, such as hardness, tribological
behaviour and thermal stability are connected with the refractory metal
content, i.e. tungsten or molybdenum, in the coatings, and therefore, to the
structural characteristics. It is known that W/Mo can enhance the hardness of
the binary alloys due to the solid solution strengthening or grain refining
strengthening effects [79]. It has been shown that the solid solution
strengthening effect of W/Mo is about an order of magnitude smaller than
the contribution of a grain size [80]. The so-called Hall-Petch mechanism
predicts that as the grain size decreases, the hardness values increases [81].
However, it was demonstrated, that this mechanism is not applicable for very
small grain sizes. The most common explanation is that below the critical
grain size, the nanocrystalline materials cannot support the grain-boundary
dislocations anymore [82]. Hence, the deformation mechanism transforms
from dislocation movement (up to critical size) in the Hall-Petch regime to
grain boundary sliding (below critical grain size) in the inverse Hall-Petch
regime [82]. In previous studies was shown that the hardness of Co-W alloys
increases up to ~ 917 HVy with increasing the tungsten content from 8 to 25
at.% which is linked to a decrease in the grain size from 36 up to 5 nm,
respectively. Below this critical value the inverse Hall-Petch relation is
observed for Co-W alloys, i.e. the hardness decreases with the further grain
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size reduction [7]. For Fe-W alloys the critical grain size of about 4 nm, i.e.
when the tungsten content in Fe-W deposit increases up to 26 at.%. The
hardness in this case reaches a maximum value of 1020 HVgg [2]. In Ni-W
alloy system, the classical Hall-Petch relationship mostly has been found to
break down already at the grain sizes of about 10 nm [80,83].

According to the literature, the maximum hardness values for Ni-W
deposits reported in the literature under the same conditions are usually
lower (in the range of 73470 HV at 10 mN [80] and 621+63 at 196 mN [4])
than for Co-W and Fe-W alloys. Thus, not surprisingly, in [84] was reported
that the wear rate of fcc structure nickel-based coatings is more than an order
of magnitude higher than cobalt-based coatings with hcp structure having
similar grain size and hardness. However, in the case of Fe-W coatings a
substantial decrease of wear resistance was reported resulting from the
oxidation of the surface [67,85]. As a result, the fretting of hard Fe-W alloys
at dry friction is accompanied by tribo-oxidation during which iron oxides
are accumulated towards the edges of the wear track. This leads to revealing
of a new surface and propagation of the oxidation that increases general
wear loss. Taking into account an extremely high hardness of Fe-W coatings
that has been mentioned above can be concluded that the wear resistance
does not solely depend on the hardness of the coating. By and large, wear
resistance requires a balance of low friction, low affinity with the contacting
material and ductility in addition to the hardness of the coating [86].

Notable, the considerable increase in hardness has been observed for the
annealed iron group metals alloys with W/Mo [87-90]. Apparently, the heat
treatment of the coatings results in partial crystallization, and this
correspondingly causes the strengthening effect of the iron metal matrix
containing the dissolved tungsten/molybdenum [87]. The annealing also
yields reduced internal stresses of the deposit that are related to the HER
occurring simultaneously with iron group metals alloys co-deposition with
tungsten/molybdenum. Thus, due to the thermal treatment the hardness of
these alloy coatings significantly increases [4,87]. Regarding the
investigation of the annealed samples the exceptional thermal stability of
nanocrystalline Co-W [6], Ni-W [62,91] and Fe-W [92] alloys has been
noticed between 400-600°C. Meanwhile, the “amorphous-like” structure of
W-based alloys is reported to be much more thermal resistant. For instance,
the amorphous structure of Fe-W deposits with 23-30 at.% W does not
change up to 800°C [2]. This temperature is slightly higher than those
reported for “amorphous-like” Co-35at.%W [6] and Ni—21at.%W [57] alloys
that are characterized by the re-crystallization temperature above 600°C.
Above the characteristic re-crystallization temperature the metallic
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compounds precipitated by annealing correspond to the stable phases
expected from equilibrium phase diagram of the binary Ni-W [93], Co-W
[94] and Fe-W [95] alloy systems.

1.4.2 Corrosion resistance

Usually the corrosion behaviour of the prepared metallic alloy coatings is
investigated mainly by means of electrochemical techniques, such as open
circuit potential (OCP), linear sweep voltammetry (LSV) and
electrochemical impedance spectroscopy (EIS). Among a number of
corrosion parameters, the values of corrosion current density, jeorr, and
corrosion potential, Ecorr, are often used to compare corrosion behaviour of
electrodeposited coatings. Notwithstanding, the corrosion potential values
usually do not show any evident dependence on the composition of an alloy
and varies independently from the corrosion rate. This is under the
assumption that potential values are driven by the rates of cathodic reaction
(hydrogen evolution) and anodic reaction (electrolytic dissolution or
passivity of the metal) of the corresponding system. These values are
strongly affected by the corrosive media, chemical composition of material
and its surface state. Thus, the further investigation of the corrosion
behaviour of iron group metals with tungsten is mainly based on the
comparison of jeorr determined from LSV analysis results that is commonly
presented in the literature.

Several factors are contributed to the corrosion resistance of tungsten-based
alloys, including W content, grain size, and crystallographic texture, and
these parameters vary together in the set of experiments. In this context the
porosity, cracks, smoothness and thickness of the deposits should be
evaluated impartially to ensure that the obtained data corresponds
particularly to the tested alloys and the substrate below has no influence on
the results. But in some papers related to W alloys electrodeposition, the
discussion about the coatings morphology or structure is suppressed. Thus,
the accuracy of the summarized anti-corrosive characteristics can be only
speculated. Interestingly, sometimes the results are presented as more
attractive than those determined for electrolytic chromium or metallurgical
steel [96]. For example, in [97] it was concluded that the anticorrosive
protection ability of Co-7at.%W alloy coating can be 6-14 times better than
mild steel and that the corrosion resistance varies in the range of 170-375
kQ cm2 depending on the tested acid (the corrosion resistance decreases in
the following order: 1 M HCI > 1 M H,SO,; > 1 M HCIOg). Furthermore,
when the corrosion is discussed, it is important to think of a combination of
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both material and environment as well. A maximum corrosion resistance
among various tested medium has been observed in the neutral NaCl
solutions (Fig. 3a). Meanwhile jcorr Values of the nanocrystalline W alloys
having 5-22 at.% of W in acidic 3.5 wt.% NaCl solution (pH 3) have been
found to be much higher than those in neutral and alkaline 3.5 wt.% NaCl
solution (pH 10) (Fig. 3b), for comparison, for Ni-22at.%W the jcorr = 40 pA
cm? at pH 3 and jeorr = 4.9 pA cm? for the same alloy at pH 10 [98].
Furthermore, it was concluded that in the alkaline saline environment the
corrosion rate of nanocrystalline iron group metals alloys with W generally
increases with the reduction of the grain size, suggesting that the increase in
grain boundary volume is the dominating factor controlling jeorr Under this
condition. Meanwhile in the acidic saline environment the corrosion
resistance of such coatings increases with the reduction of the grain size,
implying that the higher W content is associated with the formation of more
stable surface oxide film preventing the alloys dissolution under this regime.
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Fig. 3. jeorr values in neutral (a) and acidic (b) NaCl media of electrodeposited iron
group metals alloys with W(in at.%) published in the literature.

3 pav. Literatiroje pateikiamos elektrochemiskai nusodinty skirtingos sudéties
gelezies grupés metaly lydiniy su W jeorr vertés neutraliame (@) ir rigstiniame (b)
NaCl tirpale.

Notable, that in neutral Na,SO4 solution the corrosion resistance of iron
group metals alloys with W is comparable to that found in neutral chloride
containing media and is very close to that of the electrolytic chromium
coating (Fig. 4) [99]. While using a mixture of sulphates and chlorides an
increase in corrosion current has been noticed [100]. The lower corrosion
resistance in sulphate-chloride media might be related to the stronger effect
on the dissolution rate of tungsten alloys in the presence of oxidizing agents.
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Describing the effect of the composition of the W-based alloys on their
corrosion behaviour, it can be underlined the following aspects. Firstly, it is
difficult to find some data showing clear relation between corrosion rate and
W content, thus indicating that the corrosion resistance of W alloys is more
related to the preparation conditions than to alloys composition [73,101].
Meanwhile in some other papers it is claimed that the higher W content in
alloys composition initially increases the corrosion resistance an then after a
particular percentage which corresponds to the limiting crystallite size the
corrosion resistance decreases owing to the increase in volume of the
intercrystalline region of the triple junction [102].
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Fig. 4. jeorr values of the electrodeposited iron group metals alloys with W in neutral
media [72].* - results from [100].

4 pav. Elektrochemiskai nusodinty skirtingos sudéties gelezies grupés metaly lydiniy
SU W jeorr vertés neutraliuose tirpaluose [72]. * - rezultatai, pateikiami [100].

Thus, the higher intercrystalline surface fraction (defect density) provides
the higher number of active surface sites for corrosion reactions. For
instance, in [59,66] the lowest corrosion rate has been found for the Ni-W
alloy with 5-7 at.% W that consists of ~ 20 nm grains and is characterised by
a single nanocrystalline phase with fcc structure. Since many authors
summarized that the corrosion of tungsten alloys occurs via preferential
dissolution of iron group metal [71,79,103], it is believed that after the
elution of iron group metal from a single phase solid solution lattice, an
evenly structured W-rich film which inhibits further corrosion forms on the
surface. This film plays a key role for protection in aggressive media since it
was proved that homogeneous surface phase composition leads to the better
corrosion resistance [71,104]. Contrary, other authors reported that
nanocrystalline Ni-W alloy comprising the highest amount of W (the
smallest crystallite size, respectively) demonstrates the best anti-corrosion
properties [72,74]. In this case the explanation is based on the observation
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that W accumulates on the alloys surface and suppresses the anodic
dissolution. In other words, the nanocrystalline material is characterized by
much higher diffusivity due to the presence of large amounts of grain
boundaries, which promotes the formation of a protective oxide passive film,
so that nanocrystallinity of an alloy may improve corrosion resistance as
compared with its conventional polycrystalline counterpart. In [105] has
been shown that in non-complexing solutions, pH is the major factor
controlling passivation of the W-based alloys, i.e. a passive layer is formed
rapidly in acidic and alkaline media, meanwhile in neutral solutions
passivation does not occur. In the latter case iron group metal is dissolved
guantitatively, and the remaining tungsten forms an amorphous layer; e.g.
the corrosion resistance of the “amorphous-like” Fe-W deposit in 3 wt.%
NaCl solution at 30°C was described as very poor, i.e. with the potential
moving toward positive side, the deposit rapidly dissolved [96]. A
contradictory information was only found for Ni-W alloy coatings, when in
[103] was declared that the formation of a passive corrosion film on Ni-W
sample in 5 wt.% NaCl not only stabilizes the corrosion reaction, but also
provides the lubrication in tribocorrosion process.

It is widely accepted that both iron group metal and tungsten undergo
passivation state forming mixed oxyhydroxides corrosion resistant film on
the top of alloys surface [106], e.g. the layer of Ni(OH),, NiO, NiOOH and
WOs; for Ni-W system [103,107]. As it was mentioned above, such passive
film inhibits the corrosion process and reduces the rate of oxidation reaction.
In [108] was specified that refractory metal oxides remain at the passive
film/metal interface, while iron group metal oxide/hydroxide segregates to
the outer layer of the passive film. Furthermore, XPS analysis revealed that,
the passive film growth was enhanced by the presence of higher amounts (>
20 at.%) of refractory metal in the alloy with Ni in the neutral solution.
Contrary, in the acidic medium the higher W incorporation enhanced the
anodic dissolution and had an unfavourable effect on the stability of the
passive film [109].

1.4.3 Catalytic performance for methanol oxidation reaction

In the view of the rapid growth of population in the world and the depletion
of non-renewable fossil fuel, the search for new nonconventional electrical
energy has become a subject of importance in recent years. Direct methanol
fuel cells (DMFCs), which are based on methanol decomposition process
have the potential use as an alternative power sources due to their high
power density, low operating temperature, substantial efficiency, and
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environmentally friendly characteristics [12]. Despite these advantages, high
overpotentials for the methanol oxidation reaction prevent the use of DMFCs
in practical applications. This is due to the presence of partial oxidation
intermediates such as -CHsO, -CH,O, -CHO, and -CO, which adsorb
strongly on the surface of the catalysts resulting in their deactivation. As a
result, the development and characterization of the better poison-tolerant and
less expensive catalyst with great stability for the methanol oxidation
reaction is of tremendous interest to this technology. As it was summarized
above, relatively cheap and simple electrodeposition technique offers a
possibility to prepare W/Mo-based alloy electrodes with a wide range of
compositions. The catalytic surface activity of these alloys depends on the
pH of the working medium, composition, structure (crystalline/amorphous)
and the phases present in the alloy. In [106,110] was demonstrated that the
anodic current density peak, a measure of methanol oxidation reaction rate,
in H,SO, medium is considerably higher by using the electrochemically
prepared W alloys with iron-group metals in comparison with iron-group
metals itself. In addition, the same tendency was reported for W-based
coatings in alkaline solution and this was attributed to the larger surface
roughness achieved by alloying process [106,111]. Notable, that information
about catalytic activity towards methanol oxidation so far is available only
for Co-W [112], Fe-W [110] and Fe-Mo [111] alloy electrodes. In general, it
was concluded that the catalytic activity increases with increasing the
content of refractory metal in composition [111,112]. Also, it was indicated
that the heat treatment enables to increase the catalytic activity of W(Mo)-
based alloy electrodes [111,122]. This may be related to the change in nature
of the surface of the deposit, i.e. improved crystalline structure with the
formation of the new phases, e.g. heat-treated Fe-Mo samples along with
FeMo phases found before annealing show the existence of new oxide
phases, namely H.MoOs and FeMoO, [111]. In this context, clarifying the
structure-performance correlation of the methanol oxidation reaction
catalysts is crucial for the rational catalyst’s design.

1.4.4 Electrocatalytic efficiency in the hydrogen evolution reaction

Continuing the topic about the development of the new environmentally
benign energy systems combined with low cost economy, hydrogen might be
concerned also as a good candidate to meet such requirements since it is
considered as a clean energy carrier and can be easily used along with
oxygen from the air in the hydrogen fuel cell to generate electricity through
an electrochemical process. In regard with the ecological issues, it is
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important that hydrogen can be easily collected during the electrolysis of
water, which is recognized as an abundant and renewable hydrogen source.
Moreover, hydrogen production via water splitting is safe technology
possessing reasonable efficiencies [113]. Consequently, the hydrogen
evolution reaction (HER) in both acidic and alkaline media is one of the
most investigated reactions in the field of electrochemistry. However, an
application of acidic electrolysis for hydrogen production purposes remains
limited by a high cost of the required catalysts and proton exchange
membranes that are used in the electrolyser system. On the other hand,
compared to acidic media, HER in alkaline solution generally requires
higher overpotentials and is associated with lower efficiency and larger
energy consumption. Notwithstanding, alkaline medium based catalysts are
considered as more attractive alternative over the acidic catalysis [114]
Hence, water electrolysis industry is mainly focusing on improving the
efficiency of HER in the basic environment by the proper selection of
electrode materials.

The mechanism for electrolytic hydrogen evolution on W alloys is usually
discussed in terms of various physical and/or electronic parameters and
usually is compared to that of Mo alloys. The theory of alloying effect of
transition metal-based alloys has been discussed in [115] is based on the
Engel-Brewer valence-bond theory. It has been postulated that the
intermetallic combination of transition elements having partially or half-
filled d-orbital (e.g. Mo, W) with transition metals having internally paired
d-electrons (e.g. Ni, Co, etc.), results in a significant change in their bonding
strength, and, consequently, increased intermetallic stability, whose the
catalytic activity has maximum when the d-orbitals are almost filled. Indeed,
the experimental results showed that the electrocatalytic activity of
investigated W/Mo alloys for the HER depends on the refractory metal
content in composition. However, the most effective composition of the
deposits varies from author to author. The electronic structure calculations
demonstrated that d-band vacancy of Ni in Ni-Mo and Ni-W alloys
decreases with addition of Mo or W and becomes nearly 0 at about 11 at.%
Mo and 8 at.% W. Moreover the optimal catalytic activity for the HER on
the Ni-W alloy containing 10 at.% W coincides with an increase in the
density of states at Fermi level of the 3d Ni band [10]. The increased
electron density around Ni-sites influences proton discharge at the Ni-W
surface and Ni sites serve as a hydrogen source for the neighbouring W sites.
Tungsten sites in Ni-W alloys act as the “traps” for hydrogen where the
ion/atom recombination and molecular hydrogen desorption is promoted
more efficiently. While in [116] has been shown that in order to obtain more

30



active electrodeposited Ni-alloy catalyst for the HER, the concentration of
Mo should not exceed 15 at.% and for W — 19 at.%. Thus, it is noteworthy
that the “threshold” values can be influenced by the electrodeposition
conditions.

Commonly, the ability of a given metal to catalyse the HER is measured by
the exchange current density, jo, i.e. the rate of hydrogen evolution per
surface area. It is known, that the higher the jo, the lower overvoltage must
be applied in order to create a significant current flow. Hence, the
electrocatalysts are expected to manifest exchange current densities
equivalent or analogous to jo of polycrystalline platinum (~ 10° A cm?2 in
alkaline electrolytes) which is considered as the most effective HER catalyst
so far.

Table 1. Comparison of literature data for the HER exchange current densities (jo in
mA cm?) of electrodeposited W(Mo)-based alloy electrodes.

1 lentelé. Literatiroje pateikiamy vandenilio mainy srovés tankio verciy (jo, mA cmr
2), nustatyty elektrochemiskai nusodinty skirtingos sudéties geleZies grupés metaly
su W/Mo lydiniams, palyginimas.

. W/Mo, Corrosive Temperature, jo,

STy at.% solution, M p"C mAJ cm?2 Sz
Co-W 18.9 1.0 KOH 65 1.1-10% [117]
Co-W 27.3 1 NaOH 1.13 - 102 [118]
Co-W 22.6 1.2-103
Ni-W 18.1 7 KOH 25 6.5-10°3 (119]

- 7 KOH 80 55.24 [120]
25 2 NaOH 30 3.1-107 [121]
26 8.25 NaOH 85 444 [122]
- 6 KOH 80 18.62 [123]
Ni-Mo 23.8 7 KOH 25 2.8 [124]
29.8 1 NaOH 30 11.1 [125]
275 1 KOH 25 3.18-103 [126]
75 6 KOH 70 7.3 [127]
20.8 11 NaOH 80 42.4 [128]
NiMo-

modified 2.5 0.1 NaOH 4.1-107? [129]

Ni foam

Ni + Mo

composite 44 5 KOH 25 1.0 [130]

Ni-Mo— 103

GO 30.8 1 KOH 4.31-10 [131]
Ni-Mo 104 2.6- 102

Co-Mo 20.8 7 KOH 2.3-102 (119]

40.9 1 NaOH 25 15 [132]

Co-Mo 32 0.5 NaOH 60 6.9-1073 [133]

25 1 NaOH 0.13 [134]

19 1 KOH 25 0.36 [135]

Fe-Mo 59.3 1 NaOH 241073 [136]

31




Based on investigations carried out by different authors can be concluded
that molybdenum-based alloys are more active in the HER in alkaline
medium than tungsten-based alloys. Moreover, in comparison of Ni-Mo, Ni-
W, Co-Mo and Co-W coatings, it was found that those containing cobalt in
composition show higher catalytic activity than nickel containing alloys.
Though, there is also some information suggesting that Ni-based coatings
have better catalytic activity for HER compared to cobalt containing deposits
[119,137]. At the first glance, these controversial results could be attributed
to the different alloys preparation techniques, which are capable to yield
uneven composition, morphology and structure of the prepared samples and
thus, directly influence the catalytic properties of the samples. On the other
hand, the clear tendency of catalytic behaviour cannot be easily defined for
alloy cathodes fabricated even by using the same electrodeposition technique
(see Table 1).

One of the possible reasons is that the authors in electrocatalytic papers
scarcely discuss the surface state and characteristics and in such way
prevents any reliable comparison of achieved catalytic effects. In order to do
so all samples should be brought on the same roughness factor that enables
to calculate the intrinsic current densities and compare the achieved catalytic
effects.

1.5 Summary

In previous subchapters, attempts have been made to collect and present
concise information regarding different characteristics of nanocrystalline
iron group metals (Co, Ni, Fe) alloys with tungsten/molybdenum. This is
crucial in order to point up the broad trends in the worthy application of
tungsten-based alloys in different industries. It could be generalized that the
high temperature resistance and premium mechanical properties of tungsten-
based alloys are most attractive for countless targeted engineering
applications some of which are presented in Fig. 5.

For instance, as it was indicated above, electrodeposited Fe-W alloy
coatings suppress elevated temperatures and considering their high hardness
could be utilized at some processes, which require a higher temperature.
However, Fe-W coatings usually are characterized by low corrosion
resistance, thus their application for corrosion protection becomes restricted.
Contrary, electrodeposited Ni-W alloys are characterized by improved anti-
corrosive behaviour though slightly lower hardness and thermal stability in
comparison with Fe-W coatings. What is more, electrodeposited Ni-W alloys
were found to be suitable for electrocatalytic films formation for hydrogen
evolution through water electrolysis.
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W alloys with iron group metals

G oo revon

¥’ Cutting tools v’ Cathodes for HER v Thermal actuators

v Barrier layers to prevent v Mold inserts ¥ Catalysts for chlorate
diffusion of copperinto gold v Bearings production

v Catalysts in Li-O, batteries v Resistors ¥ Catalysts for MOR

v Catalysts for MOR v MEMS/NEMS v Biodegradable scaffolds

v MEMS/NEMS v' MEMS/NEMS

Fig. 5. Various applications of W alloys with iron group metals.
5 pav. Gelezies grupés metaly lydiniy su W/Mo pritaikymo galimybés.

Meantime, the characteristics described in previous subchapters for Co-W
alloys allow proposing these coatings as corrosion resistant ones possessing
favourable tribological properties as well as high hardness close to chrome
coatings, thus being suitable as an alternative for ones. Furthermore, they
can also be considered as promising candidates for the development of
advanced and inexpensive electrocatalysts to replace platinum-based
materials for the production of hydrogen from alkaline solutions. However,
in order to enhance the utilization of these alloys as effective multifunctional
catalysts having superior mechanical properties, corrosion resistance
combined with good thermal stability, it is necessary to perform consistent
studies of their functional properties. In addition to the previous studies
made by our group on comprehensive examination of mechanical, thermal
and tribological behaviour of W alloys, this study is devoted to the deeper
understanding of corrosive and catalytic behaviour in HER and MOR of
nanocrystalline W/Mo alloys, in order to supplement the full mapping of the
properties and suggest the optimal composition of the sample having
coupled functionalities.

33



2. EXPERIMENTAL

In this chapter some general information is presented on the
electrochemical synthesis of iron group metal alloys coatings and nanowires
procedures used in this study. The citrate and acetate electrolytes were
investigated earlier have been applied for the electrodeposition. The main
target of given research was focused on the modification of the above
mentioned electrolytes and deposition conditions in order to prepare samples
with various content of W or Mo in the alloys. Furthermore, the
fundamentals of the techniques applicable to the analysis of the
compositional, morphological, structural and functional properties, i.e.
corrosion and catalytic behaviour, of the prepared coatings are overviewed
as well. It should be pointed out that the detailed info on particular research
activities and operating conditions can be found in the appended articles.
The overview on the research carried out under this thesis is presented in
Fig. 6. The details on the electrolytes used for coatings fabrication are
summarized in Table 2.
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Fig. 6. Schematic diagram of experimental methodology.
6 pav. Bendra gelezies grupés metaly lydiniy su W/Mo tyrimy metodologija.
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Table 2. Chemical composition of the electrolytes. Indexes next to the alloys indicate
the references to the corresponding articles.

2 lentelé. Elektrolity cheminé sudétis. Indeksai Salia lydiniy reiskia nuorodas j
atitinkamus straipsnius.

Coating

Fe-W!

COI' v

Reagent

CoS0Oq4
FeSOa4
NiSOas
CuSO4
CsHgO7
NasCesHsO7
H3BO3
Na:WO4
H>NaO2P
C4H1002
Rokafenol
C2HsNO:2
(NH4)2M00O4
CH3CO2NH4
CH3CO2K

2.1 Formulation of electrolytes vs properties investigated

One of the grand challenges in modern electrochemistry is to develop
alternative technologies to produce metals/alloys in a cleaner, safer, and
environmentally benign manner [138]. Reaching this goal a citrate-based
plating solution for electrodeposition of iron group metals alloys with W has
been developed [139]. Non-volatile citrate electrolytes are attractive for a
long term electrolysis at elevated temperatures [6]. Moreover, a proposed
citrate bath allows lowering of the grain size of electrodeposits below 100
nm, so is of great interest for electrodeposition for macro-sized surfaces as
well as for the electroforming of micro-/nano- technical devices [6].

The Co-W coatings have been already investigated earlier by Tsyntsaru el
al. [7,140,141], where has been shown that these coatings have promising
potential as multifunctional materials. Therefore, in this research the Co-W
coatings have been selected as a main case for investigation, in order to
deepen the knowledge on interdependencies between deposition parameters
and design of new functional electrodes having high advanced
electrochemical properties. Only by changing the pH from acidic to alkaline
values, it was possible to control and tune the tungsten content and this was
realized even more accurately than in previous research [7,142]. This tuning
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ability can be attributed to the ionic equilibrium in the electrolyte, which
shifts in the direction of formation of monotungstates that are reduced much
more efficiently than polytungstates, which are formed in an acid medium
[36]. As a result, the pH increment from 5 to 8 leads to an increase of the W
content in the deposits with iron group metals from 2 at.% up to 36 at.%. In
order to reveal the influence of iron group metal nature on the
electrochemical properties, along with Co-W coatings, Ni-W and Fe-W
alloys were electrodeposited as well. For such purpose, the citrate electrolyte
was modified by replacing CoSOs component with NiSOs or FeSOs,
respectively. The specific electroplating conditions for the electrodeposition
of Co-W, Ni-W and Fe-W coatings are provided in Articles I, 111, 1V,VI.

It is known that the substitution of W by Mo significantly increases the
concentration of refractory metal in iron group metal alloy’s composition
[143,144]. Based on the reports [145-147] certifying that the catalytic
activity for hydrogen evolution is gqualitatively proportional to the refractory
metal content in the alloy, in this work Mo-rich electrodes were synthesized
from ammonium acetate bath which was adapted from Morley et al. [148].
Notable, such water deficient aqueous electrolyte with high concentration of
acetate was proposed for the electrodeposition of the metallic molybdenum
layer. In order to determine the influence of iron group metal nature on the
catalytic activity of targeted coatings (Co-, Ni- and Fe- Mo-rich alloys) the
electrochemical conditions were tuned in such a way to ensure deposition of
alloys having the similar content of Mo. The electrodeposition process in
detail is described in Article I1.

Generally, the insufficient corrosion resistance of W alloys is one of the
main obstacles preventing their widespread usage in electrocatalysis. Copper
introducing as a third component into binary iron group metals alloys with
W may assist in improving the corrosion resistance of the coating and in
such way to expand the range of its possible applications. For this purpose to
the initial solution used for Co-W alloys electrodeposition the appropriate
amount of CuSO, salt was introduced in order to form ternary Co-Cu-W
alloys. Furthermore, special attention was payed to the electrodeposition of
Cu-W coatings since it was reported that such system cannot be
electrodeposited [149]. The outcomes of this study are described in Article
V.

Furthermore, it was shown that the addition of phosphorus to iron group
metals alloys is also quite effective way to enhance the corrosion resistance
in acidic and alkaline media, especially during long term exposure by
stimulating spontaneous passivation [150]. Thus, considering the fact that
Fe-based alloys can be used as a food-contact surface, that is constantly
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affected by corrosive environment caused by food constituents; the influence
of phosphorous on corrosion resistance was investigated. The detailed
experimental conditions and composition of the plating baths in which
sodium hypophosphite was introduced as a source of phosphorous are
described in Article VI. In order to improve the physical appearance of Fe-
W-P coating, also the influence of organic additives, such as Rokafenol-10
and N-butindiol was investigated as well.

Finally, the improvement of alloys electrochemical performance was
examined through nanostructurization of Co-W alloy by applying
electrodeposition into nanoporous templates. A well-ordered nanowires
arrays may offer many advantages for catalysis, including the increased
catalyst loading amount and surface area, reduced internal resistance,
shortened ionic diffusion path, and favourable boundary for gas bubble
release [151,152]. However, regarding the synthesis of NWs, a challenge in
depositing metal/alloy into nanometer structures rises because of inherent
hydrogen evolution (side reaction). Thus, in order to improve the efficiency
of the electrolysis process and uniform deposition of Co-W alloy, glycine
was added to the plating solution as a complexing agent. It was shown that it
stabilizes the pH close to the electrode surface in both alkaline and acidic
electrolyte [153]. At the same time glycine is a non-toxic, easily obtained
and, upon degradation, effluent treatment is easier [154]. What is more, the
viability of a novel Co-W nanowire/Au nanoparticle hybrid composite is
presented (more details are given in Article VII).

2.2 Electrodeposition procedure

Coatings described in this work were electrodeposited onto stainless steel
(type 304) substrate foils (2 cm?), and on stainless steel rods (1 cm?),
depending on the requirements for coatings characterization. The
composition of the both substrates is the following (in wt.%): Fe-70, Cr-19,
Ni-8, Mn-2, other: Si, Al, P-1. The electrodeposition of Mo-rich coatings
was carried out on copper substrates. Electrodeposition has been performed
in a standard three-electrode cell. A platinized titanium mesh was used as a
counter and Ag/AgCI/KClsy as a reference electrode, respectively. Prior to
electrodeposition the stainless steel substrate was washed with detergent and
rinsed with water and acetone in an ultrasound bath in order to remove any
contaminants from the surface. For the better adhesion of the alloys to the
substrate, a nickel seed layer (thickness of ~ 30 nm) was electrodeposited
from an electrolyte containing 1.0 M NiCl, and 2.2 M HCI, at the room
temperature at the cathodic current density of 10 mA c¢cm? The thickness of
all synthesized coatings was calculated based on gravimetric and elemental
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analysis results [155], and was ~ 10-15 um. The cathodic current efficiencies
(CCE) were determined based on the charge passed, the mass and chemical
composition of the deposited alloys using Faraday’s law [155]. Notable, in
this work alloys’ composition in given in at.%.

2.3 Characterization of alloys

The morphology of deposits was investigated by SEM Hitachi TM3000 and
high resolution Hitachi SU-70 (Articles I-VI). The chemical composition
was measured with an INCA energy dispersive X-ray spectroscopy detector
(Oxford Instruments) at an accelerating voltage of 20 kV. Transmission
electron microscopy (TEM) results for deeper understanding of the nature of
W-rich alloys structure were obtained using Talos F200X (200kV, field
emission) HRTEM microscope. Meanwhile the specific operating TEM
analysis conditions for Co-W nanowires are given in Article VII. The
structural changes of alloy coatings described in Articles I-VI were analysed
using diffractometer Rigaku MiniFlex Il. Analysis of the spectra was carried
out using PDXL software. The crystallite size of the alloys was calculated by
using Sherrer’s equation [78].

2.4 Electrochemical analysis methods

Hydrogen evolution and electrochemical corrosion behaviour of the
electrodeposited alloys were investigated by means of potentiodynamic
polarization and electrochemical impedance spectroscopy (EIS) using
AUTOLAB302 device and GPES software (Articles I, I, 1V, VI). Cyclic
voltammetry (CV) measurements were employed for investigation of Co-W
electrodes towards methanol electro-oxidation as described in Article 111.

2.5 Summary

Good experimental infrastructure is necessary to explore and understand
the relationship between composition and structure of obtained materials and
their properties, and how this relationship is affected by processing
parameters. Firstly, to characterize adequately and understand the
characteristics of metals and alloys, each specimen is desired be of the
highest quality and properly controlled so it would be possible to manipulate
it, when necessary. Once prepared, several surface analytical techniques
(SEM-EDS, TEM, XRD) are available to investigate compositional,
morphological and structural peculiarities. Meanwhile different
electrochemical methods (potentiodynamic polarization, CV, EIS) may be
applied for the evaluation of material’s functional properties.
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3. RESULTS AND DISCUSSIONS

This chapter briefly summarises the major findings that can be outlined on

the base of the accomplished research on the electrochemical properties
(alkaline HER, MOR and corrosion behaviour in acidic solution) of
nanocrystalline iron group metals (Co, Ni, Fe) alloys with W/Mo. A
thorough discussion of the results can be found in the appended eight
publications (referred in the text by their Roman numerals).

3.1 Interdependences between composition, structure and morphology

Electrochemical properties, such as catalysis towards HER, MOR and
corrosion behaviour, are controlled by the surface reactions and
comprehensive understanding of such processes needs a good knowledge of
microstructure and nature of the surface of the electrodes. Accordingly, in
this subchapter the compositional, structural and morphological investigation
of electrodeposited iron group metals alloys with refractory metals (W and
Mo) is presented. This investigation was a primary step for guided selection
of the sample for further evaluation of the catalytic activity (MOR, HER)
and corrosion properties.

W-based alloys. The properties of the alloys depend on many factors. The
most important is the chemical composition, due to the synergistic effect of
the constituents of an alloy, which will influence on structure and properties.
It is known, that alloy’s composition depends on the ratio of the partial
current densities of the constituents. However, the ones are controlled by a
number of factors, such as the bath chemistry, total current density or
applied potential, temperature, etc. Thus, in order to map the composition-
properties interdependencies, iron group metals alloys with tungsten content
varying in a wide range were electrodeposited from a citrate-based
electrolyte. More specifically, the binary iron group metals alloys having 2 —
33 at.% of W have been prepared by changing the electrodeposition
parameters, i.e. cathodic current density or deposition potential, pH and
temperature of the plating bath. The interdependencies between the
investigated parameters schematically are shown in Fig. 7. As it can be seen,
the increment of the bath temperature from 20°C to 60°C decreases
polarization, which can increase the concentration of metals in the cathode
diffusion layer [156] and thus, leading to an increase of the partial current
densities for W deposition and its content in the coating. Therefore, the
maximum W content that can be reached at 20°C, and it not exceeds 25 at.%
of W.
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The variations of W content in Co-W alloys with pH were more thoroughly
investigated at 60°C by varying the pH from 5 to 8 at the fixed current
density. As can be seen from Fig. 7 for the given electroplating bath
composition the increase of the W content in the alloy with pH growth is
noticed. This correlates well with the rapid raise in the concentration of some
W(VI)—citrate complexes such as (WQ,)(HCitr)H* at pH > 5 [7]. The
maximum percentage of W co-deposited with iron group metals in this work
reaches ~ 30 at.% at pH 8. The further increase of pH it is not rational as can
lead to the decrease in tungsten content due to the drop in (WO4)(HCitr)H*
concentration in cost of increase in concentration of “free” WO4* ions [7].
Probably, WO.,> ions are less electrochemically active than
(WO,)(HCitr)H*, so the content of W in the alloys as a function of pH
usually has maxima [36].
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sqlygy.

On the other hand, it was found that the current efficiency depends rather
on the alloy composition than on the bath temperature. It was concluded that
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CE decreases as the higher amount of tungsten in the coatings is deposited.
This could be attributed to an increase of hydrogen evolution during
deposition with the higher W content in the deposit [157]. The crystallinity
of W alloys with iron group metals is associated to W content. Coatings with
low tungsten percentage (< 10 at.%) show diffraction patterns typical to an
fcc Ni, hep Co or bee Fe structure (Fig. 7). Notable, the diffraction peaks
shift to the lower diffraction angle range with an increase in W content in the
deposits; it indicates that bigger W atoms are incorporated into crystalline
lattice of Ni, Co or Fe and corresponding solid solutions are formed. At W
contents above 22 % at.% for Ni-W and Co-W and 15 at.% for Fe-W alloys
the diffraction spectra showed halo patterns, which are characteristic to an
“amorphous-like” structure. In fact, the crystallite size 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.%.

The values of crystallite sizes were confirmed by diffraction patterns
obtained by TEM (see Article I). Thus, in this study the alloys that are
characterized by one broad peak on their diffractograms, compared to the
crystalline ones, are named ultra-nanocrystalline. While the mapping of
elements showed that both iron group metal and W are distributed almost
evenly onto the entire surface at nanometric scale. However, there are some
regularly located spots with higher W amount. Probably, it is due to mixed
structure obtaining by electrodeposition: tungsten solution in nickel and
intermetallic compounds, namely NisW [93-95], CosW [7,57], Fe,W [57]
and W solid solutions in Ni, Co, Fe form in W-rich Ni-W, Co-W and Fe-W
alloys, respectively. Notable, it is difficult to determine to which particular
phase the broad peak is attributed, because the characteristic peaks for W
solid solutions in iron group metals and corresponding intermetallic phases
are fully overlapped [7]. Thus, for the deeper investigation of the structure
the more advanced instrumental analysis has to be applied. For instance, in
the case of Fe-W coatings the Mdssbauer spectroscopy supported the
abovementioned presumption and suggested that amorphous deposits consist
of a mixture of molybdenum solid solution in a-Fe and intermetallic phases,
e.g. FesW, Fe,W [67].

It is important to highlight, that “amorphisation” of the alloys structure can
be controlled not only by chemical composition, but also by tuning the
temperature of the plating bath. More specifically, the electrodeposition of
Co-W alloys at the 60°C leads to the formation of “amorphous-like”
structure at lower W content, i.e. above 13 at.%, in comparison to the
electroplating at the room temperature (Fig. 8). Analogous results have been
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obtained for Fe-W alloys electrodeposition from citrate-glycolic electrolyte
[158]. Apparently, this is due to the higher polarization which is realized at
lower temperature leading to generation of higher number of nucleation sites
and in such a way, coarsening of the crystallites size. In addition, the lower
temperature of the electrolyte negatively affects the quality of the coatings
due to the promoted hydrogen embrittlement. A visual analysis has shown
that the coatings deposited at 20°C are cracked and can be easily stripped off
mechanically from the substrate, while those electrodeposited at 60°C
temperature are free of cracks and well adhered to the substrate.
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Fig. 8. X-ray diffraction patterns recorded on Co-W electrodeposits having 14 at.%
of W and electrodeposited at different temperatures.

8 pav. Skirtingose temperatirose elektrochemiskai nusodinty Co-14at.%W lydiniy
Rentgeno spinduliy difraktogramos.

Some representative SEM images are shown in Fig. 9, in which the
influence of the W content on morphology of investigated coatings is
provided. In general, for all alloys the morphology evolves from
angular/facetted growth, which is typical to pure iron group metals (content
of W is < 20 at.%) to nodular growth (content of W > 20 at.%). Notable, the
W-rich iron group metals alloys are characterized by more homogeneous and
denser morphology. The surface roughness measurements revealed that the
addition of W leads to the reduction of the average surface roughness (Ra)
from ~ 600-700 nm (for pure Ni and Fe) to ~ 300 nm for Ni-W and Fe-W
alloys with 30 at.% of W. In contrary, the R. of electrodeposited Co-W
coatings shows the tendency to increase with the higher W percentage in the
alloys composition and changes from ~ 300 nm for electrodeposited Co to
maximum of 487 nm for Co-33at.% W. The “cauliflower” type structures
that appear as aggregates of the smaller grains are clearly observed in the
SEM image of this Co-W alloy coating (Fig. 9¢). Important to note that a
subsequent release of hydrogen results in high tensile stress, which develops
micro cracking on Ni-W surface (see insets of Fig. 9 d-f).
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Fig. 9. SEM images of iron group metals alloys deposited at 60°C and having
different W content in the alloys. Images are made at higher (x6000) and lower
(x500, inserts) magnifications.

9 pav. Skirtingos sudéties geleZies grupés metaly lydiniy, elektrochemiskai
nusodinty 60°C temperatiroje, SEM nuotraukos, esant didesniam (x6000) ir
mazesniam (x500, intarpai) didinimui.

Mo-based alloys. It is known that the substitution of W by Mo significantly
increases the content of refractory metal in iron group metal alloys
[143,159]. Indeed, in this work it was found that the Mo content in alloy can
be tuned from 30 at% to 78 at.% by decreasing molar ratio
[Ni(ID]:[Mo(VI)] in the saturated acetate electrolyte from 1.0 to 0.25 and
increasing the cathodic current density from 30 to 100 mA cm. Notable,
such Mo amount is significantly higher than reported in the previous works
reported for Mo-based alloys electrodeposition from aqueous electrolytes
and it is close to had been determined for Ni-Mo alloys prepared by
metallurgical [145] or mechanical alloying technique [160]. However, the
side reaction (hydrogen evolution) is also increased under these conditions

43



and it results in larger micro-cracks propagation. Accordingly, in order to
obtain Mo-rich alloys without visible defects, the applied cathodic current
density of 30 mA cm2 and ratio [Ni(l)]:[Mo(VI)] of 0.5 were accepted as
optimum conditions that allowed to electrodeposit Mo-rich coatings (~ 50
at.%) coupled with suitable morphology (crack-free coatings with less rough
globular surface) and reasonable eff|C|ency (~ 50 %) (Flg 10)

Fig. 10. SEM images of electrodeposited alloys of: Ni-Mo (a), Co-Mo (b) and
Fe-Mo (c) alloys.

10 pav. Elektrochemiskai nusodinty Ni-Mo (a), Co-Mo (b) and Fe-Mo (c)
lydiniy SEM nuotraukos.

As it was expected, the characteristic single broad peaks indicating the
ultra-nanocrystalline structure for obtained Co-52at.%Mo, Ni-54at.%Mo and
Fe-54at.%Mo have been depicted (Fig.11).
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Fig. 11. XRD pattern for: (a) Ni-54 Mo, (b) Fe-54 Mo and (c) Co-52 Mo

electrodeposits.
11 pav. Elektrochemiskai nusodinty molibdeno lydiniy Rentgeno spinduliy
difraktogramos: (a) Ni-54 Mo, (b) Fe-54 Mo, (c) Co-52 Mo.

Based on the previous results, the formation of intermetallic NisMo, NisMo
and NiMo compounds in line with a solid solution of Ni in Mo become
possible for Ni-Mo alloys having > 25 at.% of Mo [161,162]. In the case of
Co-Mo alloys with > 27 at.% of Mo , some of the studies reported that Mo
solid solution in cobalt and intermetallic CosMo are formed [133]. While for
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Fe-Mo, analogously to the “amorphous-like” Fe-W alloy, the Mgssbauer
spectroscopy shows that deposits having more than 17 at.% of Mo consists
of a mixture of molybdenum solid solution in a-Fe and intermetallic phases,
e.g. FesMo, Fe;Mo [163].

3.2 Electrochemical properties
3.2.1 Hydrogen evolution reaction (HER)

Based on the results obtained in the previous section, the iron group metals
alloys with the distinct microstructures, i.e. nanocrytalline coatings having 3
at. % and 18 at. % of W and ultra-nanocrystalline alloys with ~ 30 at.% of
W, have been selected for the catalytic experiments towards hydrogen
evolution reaction in an alkaline environment. The comparative studies were
performed on the electrodeposited Ni, Co and Fe coatings and metallurgical
Pt under the same experimental conditions. The LSV measurements to
determine the kinetic parametres of the HER were performed in 30 wt.%
NaOH solution at 25 + 2°C and the corresponding electrochemical
parameters (Tafel slope (bc), apparent exchange current density (jo), and
polarization at j = — 200 mA c¢m (5200)) obtained from the linear part of
semi-logarithmic polarization plots are summarized in Article I.

Generally, it was found that the apparent ECDs on binary W alloys are
considerably higher than that for pure Ni, Co and Fe electrodeposits.
Particularly, the higher values of hydrogen evolution rate were observed
with increasing W content in the coatings, i.e the catalytic activity for all
coatings follows the sequence: > 5 at.%W > 20at.%W > ~ 30 at.%W. As it
was shown in previous section (Section 4.1), W-rich (~ 30 at.%) alloys are
characterized by the finely 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 [164,165]. In
addition, it was claimed that the higher activity of an “amorphous-like” iron
group metal based HER catalyst originates from a change in its electronic
structure caused by the absorption of hydrogen.

The highest catalytic activity determined for Ni-29at.%W alloy could be
attributed to the structure peculiarities, more specifically the presence of the
intermetallic NisW phase, which in previous works was characterized by the
fast water dissociation Kkinetics that allows improving of the HER
performance [166]. 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 [166].
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Furthermore, it was demonstrated that NisW phase is more stable under
liquid phase reactions [167,168].

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 [169]. Hence, the electrodeposited Ni-29at.%W, Co-33at.%W and Fe-
30at.%W electrodes demonstrated the higher catalytic activity, and were
tested at temperatures ranged from 25 to 65°C by applying 10°C increments.
The temperature has a significant influence on the HER (Table 3). 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 7200 0f 106 mV dec? at
65°C.

Table 3. Experimental values jo (MA cm) and Tafel slopes (be, mV dec?) for as-
deposited alloy electrodes at different 30 wt.% NaOH solution temperatures.
3 lentelé. Eksperimentiskai nustatytos elektrochemiskai nusodinty gelezies grupés

metaly lydiniy jo vertés (mA cm?®) ir Tafelio nuolinkiai (b, mV dec?), esant
skirtingoms 30 sv.% NaOH tirpalo temperatiiroms.

25°C 35°C 45°C 55°C 65°C
io i I i jo T b
Ni-29W | 055 142 15 134 | 29 118 | 5.9 97 | 145 78
Co33W | 029 146| 091 139 | 12 134 | 2.7 101| 60 93
Fe-30W | 0.016 176 | 0.019 160 | 0.041 149 | 0.12 143 | 0.29 139

Electrode

The obtained results agree with the previous studies certifying that the
catalytic activity for hydrogen evolution is qualitatively proportional to the
refractory metal content in the alloys with iron group metals [145-147].
Following this phenomenon the Ni-, Co- and Fe- Mo alloys with the higher
refractory metal content, namely 50 at.% of Mo, were tested as the catalytic
material for alkaline HER at the same conditions. Among all investigated
systems, the Co-52 at.% Mo electrode demonstrates the best performance
towards the HER, particularly at temperatures higher than 45 °C (Table 4).
These results correspond well with findings published in [119], where it was
confirmed that Co—Mo co-deposits are characterized by a higher catalytic
activity and stability in alkaline water electrolysis than Ni—-Mo, Co-W and
Ni-W alloy electrodes.

Moreover, in [170], it was shown that catalytic activity depends on the
metal-hydrogen bond strength and absorption sites in the alloy available to
hydrogen and thus the electrochemically charged H content decreases in the
series of Co—-Mo > Co-W > Ni—Mo.
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Table 4. Experimental values of jo (in mA cm?)and Tafel slopes (b, in mV dec?) for
electrodeposited Ni-54Mo, Co-52Mo and Fe-54Mo alloy electrodes at different 30
wt.% NaOH solution temperatures.

4 lentelé. Eksperimentiskai nustatytos elektrochemiskai nusodinty Ni-54Mo, Co-—
52Mo and Fe-54Mo lydiniy jo vertés (mA cm?) ir Tafelio nuolinkiai (be, mV dec™?),
esant skirtingoms 30 sv.% NaOH tirpalo temperatiiroms.

Electrode 25°C 35°C 45°C 55°C 65°C

. I - O - N BN
Ni-54 Mo | 0.62 128 | 3.21 128 | 7.32 119|147 116 | 254 123
Co-52Mo | 190 132|953 130 | 17.1 128|320 121 | 46.2 119
Fe-54 Mo | 0.23 152 | 0.99 148 | 433 142 | 583 139 | 146 145

Furthermore, comparing Co—Mo, Co-W and Ni—Mo electrodeposits, the
thermal desorption of hydrogen occurs at the lowest temperature on Co—Mo
showing a faster recombination step of H atoms possible on this alloy, thus
improving its electrocatalytic performance [170]. In general, the present study
shows that the catalytic activity for the Ni—-Mo alloy is comparable to
previously reported samples under similar experimental conditions (see
Article I1).

3.2.2 Methanol oxidation (MOR)

Extending the application of iron group metal alloys in electrocatalysis, the
possibility to apply Co-W electrodes for MOR has been investigated. For
this purpose alloy samples with characteristic compositions , i.e. Co-
3at.%W, Co-18 at.%W (nanocrystalline structure) and Co-30at.%W
(ultrananocrystalline structure), were chosen for electrodeposition. The
catalytic results were interpreted by means of CV measurements in 1 M
CH3OH + 0.1 M HSO; solution at 22 + 2°C.

It was found that as-deposited Co-3at.% W and Co-18 at.% W coatings are
totally inactive for methanol oxidation since the CV curves in both cases are
almost linear (Fig. 12). It is presumed that the high current density (up to
350 mA cm) can be detected due to the continuous dissolution of Co-W
alloys that occurs through the whole alloy layer (based on EDS analysis).

Meanwhile when the W content in the deposit is ~ 30 at.%, only the top
surface layer of the alloy takes part in the corrosion process. More
specifically, in this case after experiment in 1 M CH3;OH and 0.1 M H,SO4
solution the Co content in the alloys decreased from 70 to 67 at.%,
accordingly W content in composition increased from 30 to 33 at.%. After
polishing the surface layer of the alloy W content in composition was the
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same as it was in surface layer before experiment in the tested solution, i.e. ~
30 at.%. Apparently, the coatings having such high amount of W in their
composition are more corrosion resistant and the synergistic effect by the
interaction between Co and W prevents the active Co dissolution during the
methanol oxidation reaction. Consequently, the Co-30at.%W alloy can be
considered as possible electrocatalyst for methanol oxidation. Indeed, in the
case of Co-30at.%W alloy the oxidation reaction occurs at about 0.67 V (the
catalytic activity was evaluated from this peak current) and this potential and
the shape of CV curve is similar to the typical CV shape determining on Pt
electrode (Fig. 12 (c)), whereas no peak at this potential was noticed in the
voltammogram for Co-30at.%W deposit in the absence of methanol (see
Article 111).
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Fig. 12. Cyclic voltammograms recorded on the Co-W electrodes with (a) 3 and
18 at.% of W and (b) 30 at.% of W in the mixture of 0.1 M H,SO4 and 0.1 M
CH3OH at 22 + 2°C. Arrows show the potential scan direction.

12 pav. Co-3at.%W ir Co-18at.%W (a) ir Co-30at.%W (b) elektrody ciklinés
voltamperogramos, uzrasytos 0.1 M H>SO4 ir 0.1 M CH3OH tirpale 22 + 2°C
temperatiroje. Rodykléemis pazymétos potencialo skleidimo kryptys.

After polishing the surface layer of the alloy W content in composition was
the same as it was in surface layer before experiment in the tested solution,
i.e. ~ 30 at.%. Apparently, the coatings having such high amount of W in
their composition are more corrosion resistant and the synergistic effect by
the interaction between Co and W prevents the active Co dissolution during
the methanol oxidation reaction. Consequently, the Co-30at.%W alloy can
be considered as potential electrocatalyst for methanol oxidation.

It was shown that after thermal treatment the catalytic activity of Co-W
alloy for methanol oxidation in both acidic and alkaline media increases
because of improved their crystalline structure and new phases are formed
[112]. The catalytic activity was studies on the oxidized alloys too.
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Fig 13. Effect of heat treatment on morphology and structure of Co-W alloys.
13 pav. Atkaitinty Co-W lydiniy morfologijos ir struktiiros pokyciai.

Thus, in order to prepare oxidized samples, Co-W alloys were heated for 1
h at 600°C in air atmosphere. This temperature has been chosen as optimal,
since at the lower temperature “amorphous-like” structure of Co-30at.%W
alloys remains stable and no corresponding peaks for oxides were noticed.
After heat treatment at the higher temperature, the coatings were poorly
adhered to the stainless steel substrate and many cracks on the surface were
observed. In general, XRD analysis confirmed the crystalline structure of all
investigated coatings after heating at 600°C in an open air. New phases were
noticed (Cos04, CoWQ,) coupled to a decrease of tungsten content (up to
several at.%) in the alloy due to the volatilization of tungsten oxides.
Notable, the dramatic reduction of W content in turn changed the
morphology of the deposits (Fig. 13) compared to that of as-deposited ones.

Electrocatalytic properties of the heat-treated and oxidized Co-W alloy
electrodes toward methanol oxidation were investigated under the same
conditions as for as-deposited alloys, and corresponding CV curves are
shown in Fig. 14. As it was envisaged, Co-W deposits that initially contained
< 18 at.% of W, after heating still remains totally inactive for methanol
oxidation reaction. Whereas, the annealed Co-W alloy that initially
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contained 30 at.% of W demonstrates a methanol oxidation peak at 0.7 V in
sulfuric acid and methanol mixture. However, the peak current density of the
methanol oxidation on the heat treated Co-W electrode is around 0.135 mA
cm?, which is sufficiently lower than indicated for as-deposited Co-
30at.%W alloy coating (12.3 mA c¢cm™) or pure Pt electrode (2.4 mA cm™).
The decrease in catalytic activity might be attributed to the reduction of
tungsten content in the alloy and the inhomogeneity of surface morphology.
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Fig. 14. Cyclic voltammograms recorded on the annealed Co-W catalyst in the
mixture of 0.1 M H,SO4 and 0.1 M CH3OH at 22 + 2°C. Composition is provided for
as-deposited alloys. Arrows show a potential scan direction.

14 pav. Atkaitinty Co-W elektrody ciklinés voltamperogramos, uzrasytos 0.1 M
H2SO4 ir 0.1 M CH3OH tirpale 22 + 2°C temperatiiroje. Pateikiama lydiniy sudétis
nustatyta pries atkaitinimo procediirg. Rodyklémis paZymétos potencialo skleidimo

kryptys.

Electro-oxidation of methanol can be retarded by the strong adsorption of
reaction intermediates (e.g. CO, formaldehyde, formic acid, etc.) formed on
the electrode surface [171]. Thus, in order to identity the presence of
formaldehyde (if the case) during oxidation the following experiments have
been carried out. A mixture of H,SO, and methanol was electrolyzed for 2 h
at 100 mA cm using a Co-30at.%W alloy as the anode. The resulting
reaction mixture was mixed with zinc sulphate solution and cyclic
voltammetric experiments were conducted on a platinum electrode. This
solution was chosen based on the results presented in [112], where zinc
sulphate in the presence of formaldehyde provides a characteristic peak on
the platinum electrode. As can be seen, CV curves obtained with a reference
solution of formaldehyde and in the presence of the oxidation mixture are
almost identical (Fig. 15). This demonstrates the participation of
formaldehyde as an intermediate during electro-oxidation of methanol on
ultra- nanocrystalline W-rich Co—W electrodes.
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Fig. 15. Cyclic voltammograms obtained on Co-30 at.%W alloy at a scan rate 25
mV st and temperature 22 + 2°C: (a) 0.02 M ZnSO4; + 0.01 M NaxSO; +
formaldehyde; (b) oxidized mixture of methanol in H2SO..

15 pav. Co-30at.%W Iydinio ciklinés voltamperogramos, uzrasytos 22 + 2°C
temperatiroje (a) 0.02 M ZnSO4 + 0.01 M Na,SO, + formaldehido tirpale ir (b)
metanolio oksidacijos reakcijos misinyje su H2SOa4. Potencialo skleidimo greitis
25mVst

3.2.3 Corrosion properties in H,SO,

Sulfuric acid is used extensively as electrolyte solution in methanol fuel
cell technology [172]. Consequently, the main pre-requisite requirement for
electrode materials in order to perform effectively in such fuel cells is good
corrosion resistance in the acidic media. Thus, in order to validate the Co-W
alloy as effective anode material for methanol oxidation reaction in the
mixture of H,SO, + CH3OH, the corrosion behaviour in H>SO4 solution is
discussed briefly.

The corrosion resistance of Co-W alloys having different W content has
been evaluated in H,SO. solution by using potentiodynamic polarization and
EIS. For comparison with the behaviour of the deposited alloys, the
experiments on pure electrodeposited Co has been recorded as well. The
polarization curves recorded for the samples with the characteristic chemical
composition, prepared at different temperatures are given in Fig. 16. As the
shape of voltammograms is not symmetric and it is complicated to estimate
corrosion parameters, i.e. corrosion potential Ecrr and corrosion current
density jeorr, by applying lines extrapolation in Tafel region, each curve was
transformed into Allen-Hickling coordinates that enable to determine the
corrosion parameters in a narrow range of potentials. The corrosion data
extracted from polarization curves for all investigated alloys are reported in
Table 5.
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Fig. 16. Potentiodynamic polarization curves in 0.01 M H,SO4 for Co and Co-W
coatings deposited at: (a) 20°C; (b) 60°C.

16 pav. Co ir 20°C (a) bei 60°C (b) temperatirose nusodinty skirtingos sudéties
Co-W poliarizacinés kreivés 0.01 M HzSOqtirpale.

Table 5. Extracted corrosion parameters of Co and Co-W coatings at different
deposition temperatures and various compositions.

5 lentelé. Co ir 20 bei 60°C temperatirose nusodinty skirtingos sudéties Co-W
elektrolitiniy dangy korozijos parametrai.

Sample T, °C Ecorr, V jcorr, A cm? Reorr, Q-cm?
Co -0.31 6.5-10° 132.0
Co-2 W -0.28 1.7-10% 21.9
Co-5W -0.32 1.1-10% 18.3
Co-12 W 60 -0.31 1.5-10% 347.2
Co-17W -0.18 5.0-10° 555.9
Co-20 W -0.19 49-10° 682.3
Co-24 W -0.27 4.1-10°% 985.0
Co-28 W -0.26 1.9-10% 848.9
Co-31 W -0.35 1.8-10% 620.9
Co-3W -0.38 25-10* 3.7
Co-6 W 20 -0.40 2.3-10% 7.4
Co-15W -0.36 2.1-10% 9.5
Co-25W -0.28 2.2-10% 19.6
Stainless | _ ~0.039 9.1-107 6567
steel

As it seen, the corrosion potential is located in the range from -0.40 to -0.18
V and does not show any clear correlation as a function of alloys
composition. This is not surprisingly, because it is driven by the equal rates
of both cathodic and anodic reactions. In this particular case, the cathodic
reaction is hydrogen evolution reaction, and the anodic reaction is the rather
active electrolytic dissolution, because sufficient current drops in the anodic
part of voltammogram caused by the transferring into passive state were not
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detected (Fig. 16). The rates of both reactions depend on the corrosion
media, and chemical composition of electrode material. Furthermore, the
rate of hydrogen evolution reaction depends on the state of the surface. Thus,
due to the different hydrogen overvoltage on variously obtained Co-W
alloys the corrosion potential may vary over some range without correlation
with corrosion rate.

Meanwhile, the calculated corrosion current densities testify that corrosion
rate of Co-W deposits decreases from 1.7:10“ to 4.1-10°% A cm? with
increasing the W content from 2 to 24 at.%, respectively. At the even higher
W content (in at.%) the corrosion rate increases again. This can be related to
the formation of intermetallic CosW phase at this W content as it was
indicated above. These observations correspond well to the results presented
in Section 4.2.2 showing that the corrosion rate of the coatings with < 20
at.% in acidic media is really high and electrocatalytic response towards
MOR was not observed. Notable, for Co-W samples deposited at the room
temperature the higher corrosion current densities can be observed (Table 5).
This may be related to the fact that Co-W alloys obtained at 20°C are
characterized by the cracked surface.

The EIS spectra in Nyquist coordinates and fitting results of corresponding
equivalent circuits that validate the model describing the corrosion processes
of investigated alloys are presented in the Article IV. Notable, for
comprehensive understanding of the corrosion processes, the EIS
measurements were performed at OCP and within the anodic polarisation of
0.05 and 0.10 V vs. corresponding OCP. In general, they contain similar
stages and comprise similar processes such as formation of double electric
layer, the presence of ohmic resistance, charge transfer resistance of
electrochemical reaction or corrosion resistance, adsorbed layers formed by
intermediates of complex electrochemical reactions. Hence, EIS reveals that
the corrosion of Co and Co-W alloys occurs via an intermediate adsorption
stage.

The corrosion resistance values (Rcorr) for investigated samples were
extracted from the fitting results and are summarized in Table 5. It can be
noticed, that the best anti-corrosive behaviour has been determined for Co-
24 at.% W (Reorr = 985 Q-cm?). Important to mention that Co-W alloys
deposited at room temperature were investigated as well, but the adhesion of
them to the substrate is very poor, and thus, no good fitting curves have been
obtained (for more details see Article 1V). Accordingly, the corrosion
resistance of such samples is very poor (Table 5).
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EDS analysis showed that the oxygen content in the alloy significantly
increases after the corrosion experiments. This indicates that the
electrochemical corrosion process occurs via an intermediate stage of
forming oxide-containing compounds on the surface. It was found that the
thickness of the adsorbed oxide layer increases with increasing the W
content and reaches maximum at 25 at.% of W (Fig. 17).
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Fig. 17. Effect of tungsten content in Co—W alloys on oxide layer thickness; Co-
W alloys were deposited at 60°C.

17 pav. 60°C temperatiroje nusodinty Co-W lydiniy pavirsiuje susidarancio
oksidinio sluoksnio storio priklausomybé nuo W kiekio.

Thus, can be assumed that the corrosion stability of such alloy could be
linked to the formation of thicker protective surface oxide layer (e.g.
CoOOH). The higher W content in composition (> 25 at.%) leads to the
formation of thinner and less protected oxide coating on the surface,
accordingly, the corrosion rate increases. For more details related to the
calculation of the oxide thickness, see Article IV.

3.3 Modification of binary alloys
3.3.1 Addition of the third metal

The poor corrosion resistance of the alloys for targeted applications is one
of the main obstacles preventing their widespread usage [173]. It is well
known that the introduction of the third element into a binary alloy system
can affect its chemical and structural characteristics and, thus improve their
mechanical and anti-corrosive properties [156]. Consequently, there are
some studies focused on Ni-Fe-W [142,174,175], Ni-Co-W [156,176] and
Co-Fe-W [177] alloys’ electrodeposition. Though the characteristics of
copper, e.g. good electrical conductivity, ductility, low expansion coefficient
and enhanced wear resistance, may be expected significantly to expand the
range of it’s possible applications, as far as it is known, the papers
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concerning electrodeposited Co—Cu-W alloys are rather scarce hitherto
[149,178]. Accordingly, in this study the efforts to prepare novel Co-Cu-W
alloy coatings from abovementioned citrate electrolyte with variable
compositions have been made. For comparison, Co-W and Cu-W alloys
were electrodeposited under the same experimental conditions.

The suitable cathodic potentials for Co-Cu-W and Cu-W alloy coatings
electrodeposition have been selected based on the cathodic scan plots that
are widely described in Article V. The general dependency of deposition
potential on elemental composition of W-based alloys prepared at 60°C is
presented in Fig 18a. Notable, the W percentage in alloys fabricated at 20°C
in the whole tested range of cathodic potential was extremely low (< 4 at.%)
and did not change significantly with the cathodic potential (for more
information see Article V). While at the elevated temperature the W content
in Cu-W and Co-Cu-W deposits reaches the maximum values of 6 at.% and
12 at.% (depending on the applied potential), respectively. The same, as in
binary alloys case, the CE decreases with increasing the W content in the
deposit (Fig. 18b).
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Fig. 18. Effect of deposition potential on (a) tungsten content and (b) current
efficiency for Cu-W, Co-W and Co-Cu-W alloys.

18 pav. W kiekio (a) ir srovinés iseigos (b) priklausomybé nuo Cu-W, Co-W ir
Co-Cu-W lydiniy nusodinimo potencialo.

X-ray diffraction patterns of the as-deposited Cu-W and Co—Cu-W alloy
coatings, as well as metallic Co and Cu for comparison are shown in Fig. 19.
As it can be seen, the pure Cu coating is characterized by face-cantered
cubic (fcc) lattice with {111}, {200}, {220} and {311} crystal orientations.
After the co-deposition of Cu with W a solid solution of Cu-W with a typical
Cu-type fcc lattice is formed. A small shift to lower 20 values can be seen,
This may be attributed to the incorporation of larger W atoms into Cu lattice
that causes the changes in lattice parameter, since the atomic radius for W
and Cu being 140 pm and 128 pm, respectively. Similarly, for ternary Co-
Cu-W alloy having low content of tungsten fcc Cu phase is formed, however
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the additional lines that reflect the formation of W solid solution in hpc Co
with increasing the W percentage can be seen. This agrees well to the fact
that solubility limit of W in Co is around 17.5 at.%.
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Fig. 19. XRD patterns of deposited Co, Cu, Co-W, Cu-W and Co-Cu-W coatings
deposited at 60°C and having similar W content.

19 pav. 60°C temperatiroje nusodinty Co, Cu, Co-W, Cu-W and Co-Cu-W
lydiniy Rentgeno spinduliy difraktogramos.

All deposited coatings visibly are cracks-free on the surface, well adhered
to the substrate. Meanwhile, the variability in the morphology of the deposits
having similar W content in their composition (5-6 at.%) was noticed, Some
representative SEM images of Cu-W and Co-Cu-W alloys are given in Fig.
20. Cu-W coatings are characterized by rough cauliflower-type nodules that
are composed from smaller grains. The incorporation of Co into the alloy
leads to the formation of rougher morphology composed of larger semi-
spherical clusters. While, for the Co-5 at.% W electrodeposit (Fig. 9a) a
needle-like structure with extended acicular grains that is typical for
electrodeposited pure cobalt coatings can be noticed.

Fig. 20. SEM images of Cu-W and Co-Cu-W alloy coatings deposited at 60°C
and having similar W content.

20 pav. 60°C temperatiiroje nusodinty Cu-W ir Co-Cu-W lydiniy, turinciy panasy
W kiekj sudétyje, SEM nuotraukos.
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The further step was to study the corrosion parameters of Co-41 Cu-5 W (in
at.%) and to compare the results with Cu-W and Co-W having the same W
content. Polarization curves of the samples tested in 0.01 M H,SOs solution
at the room temperature are shown in Fig. 21. It was found, that after the
addition of Cu to Co-W alloy the corrosion current density decreased from
1.9 - 10*10 6.9 - 10° A cm?, while for Cu-W this value was close to 5.8 -
10 A cm?. The EDS analysis showed that after the corrosion test in the
ternary alloy W content increased from 5 to 8 at.%, Cu from 41 to 51 at.%,
correspondingly Co percentage was reduced from 54 at% to 41 at.%.
Apparently, the Cu may precipitate from the ions that were dissolved as Cu?*
or Cu* and then reduced [179]. Also, it is likely that the enhanced corrosion
resistance associated with Cu involves the selective dissolution of active
alloying elements such as Co and formation of the protective surface film
enriched with the noble metal [180].
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Fig. 21. Potentiodynamic polarization behaviour for Co-5W, Cu-6W and Co-
41Cu-5W deposits in 0.01 M H,SO.a.

21 pav Co-5W, Cu-6W ir Co-41Cu-5W Ilydiniy poliarizacinés kreivés 0.01 M
H2SOutirpale.

3.3.2 Addition of phosphorus

W based alloys are well recognized for their hardness, ability to resist
deformations, and long-term service [181]. Therefore, they can be used as
blades for the cutting and slitting of fruits, vegetables, etc. In this context
environmentally and human-friendly Fe-W alloys are of significant
importance because contrary to Co-W and Ni-W coatings, they meet the
general safety requirements for materials that can come into direct contact
with food [182]. Moreover, earlier our group showed that the nanohardness
of as-plated Fe-W coatings reaches 13 GPa that is comparable to the
hardness of electrodeposited chromium [2]. Fe-W coatings also could
achieve excellent wear resistance which is much greater than that of
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electrolytic chromium, TiB2, TiN and TiAIN coatings measured under the
same conditions and perform well in the rigorous food processing industry
[183]. However, in order to withstand continuous use and heat created from
the friction of fast moving cutting tools in acidic environment corrosion
phenomenon becomes a critical factor. Though based on the literature we
can see that the corrosion resistance is the weak point of Fe-W alloys and
seems to be lower than in the case of other W-based coatings [96]. It was
reported that the corrosion resistance of W alloys with iron group metals can
be enhanced by the addition of phosphorus to alloys composition by
stimulating spontaneous passivation in acidic and alkaline media [184,185].
Furthermore, the previous tribological studies showed that that the addition
of phosphorous into Fe-W system leads to the formation of more wear
resistant coating and improve the adhesion to the substrate [186]. On the
other hand, it was reported that ternary W alloys with phosphorous are
characterized by lower hardness than binary ones without phosphorous [72].
Thus, our work was aimed to find the optimum Fe-W-P electrodeposition
conditions in order to prepare coatings with the synergy of high hardness and
improved corrosion resistance in the light of their potential application for
cutting tools in food industry.

For W-based alloys has been reported that the addition of sodium
hypophosphite to electroplating solution causes a sudden drop in tungsten
content in composition as well as in cathodic current efficiency [187].
Therefore, in order to study the effect of sodium hypophosphite on Fe-W
system electrodeposition, the experimental conditions corresponding to the
preparation of an alloy with the high tungsten content has been applied.
Consequently, the deposition current density of 30 mA cm?, which
according to previous studies [72,188] corresponds to the Fe-W alloy with
the highest tungsten content that could be deposited with Fe, namely up to
33 at.%, and the highest cathode current efficiency (38%), has been selected.
In order to improve the physical appearance of Fe-W-P coating, also the
influence of organic additives, such as Rokafenol-10 and N-butindiol, on
functional properties has been evaluated. The detailed experimental
conditions and composition of plating bath are described in Article VI, in
which sodium hypophosphite was used as the source of phosphorous.

Fig. 22 shows the effect of sodium hypophosphite influence on the
composition of tertiary Fe-W-P alloy. As it can be noticed, W content
increases with an addition of hypophosphite to the solution. Important to
mention that in this system the effect of sodium hypophosphite on tungsten
content is not so drastic as it has been observed for analogous Ni-W-P
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system [174]. Obvious, the wetting and brightening agents presented in the
bath slightly increase the phosphorous percentage in the deposit. Generally,
Fe-W-P alloy coatings are uniform and free of cracks. It is clearly seen that
the addition of phosphorous in the composition leads to refining the structure
and the deposits become tight, compact and dense.

XRD patterns of electrodeposited pure Fe deposit exhibit texture with the
preferred orientation of {211}. Meanwhile, the introduction of the high W
content (> 26 at.%) in composition after alloying with Fe results in the
formation of “amorphous-like” phase (Fig. 23). Analogous tendency can be
seen for ternary Fe-W-P alloy having the similar W content.
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Fig. 22. SEM images of Fe-W and Fe-W-P alloy coatings electrodeposited from:
solution without additives (a) and (b); solution containing 1,4-butindiol and

Rokafenol-10 (c).
22 pav. Fe-W ir Fe-W-P SEM nuotraukos; lydiniy, nusodinty is elektrolito be
organiniy priedy (a) ir (b); i§ elektrolito, kurio sudétyje yra 1,4-butindiolio ir

Rokafenolio-10 (c).
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Fig. 23. XRD diffraction patterns for Fe-W-P, Fe-W and Fe coatings.
23 pav. Elektrolitiniy Fe-W-P, Fe-W and Fe lydiniy dangy Rentgeno spinduliy
difraktogramos.
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In respect to the potential iron-based tungsten alloys application in food
industry, the corrosion measurements of as-deposited Fe-33at.-% W and Fe-
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34W-1.4P (in at.%) coatings have been performed in 0.012 M Na,SO4 and
0.027 M NaCl solution (pH 5) at 90°C. The polarization curves have been
evaluated in terms of corrosion potential Ecorr and corrosion current density
jeorr, that were calculated by applying Tafel fit to Allen-Hickling equation.
The graphs are presented in Article VI, meanwhile the obtained data is
summarized in Table 6. Generally, it can be seen that the addition of
phosphorous in composition results in nobler Ecor and lower jeorr, and thus
potentially better corrosion resistance of Fe-34W-1.4P (in at. %) in the tested
media in comparison with metallic Fe and Fe-33 at. % W coatings.

Table 6. Extracted corrosion parameters from E vs. log i plots for stainless steel and

electrodeposited Fe-based coatings having various compositions.
6 lentelé. Fe, Fe-W ir Fe-W-P [ydiniy korozijos parametrai.

Sample Ecorr, V jcorr, A cm? Reorr, Ohm cm™? |
Fe —0.616 3.9-10° 335.9
Fe-33 W —0.746 43-10% 380.7
Fe-34 W-1.4 P -0.613 1.8-10° 388.9

Notable, similarly to the Co-W corrosion in H2SO4 solution (see Section
4.2.3), the used equivalent circuit for fitting of the obtained EIS data of Fe-
based alloys in Cl- and SOs*media suppose the complicated mechanism of
alloy corrosion involving intermediate stages probably containing adsorbed
oxygen compounds; that can explain an increase in oxygen content in the
alloys and some changes in tungsten content obtained after corrosion tests
(see Article VI).

3.3.3 Nanostructures

Taking into account the advantages of electrochemical deposition (see
Section 2.1), this chapter presents how the Co-W alloy synthesis can be
turned from plane coatings to one-dimensional nanomaterials, namely
nanowires by applying the template-assisted deposition technique

A great interest of nanostructure-based devices is associated with their high
surface area, and excellent optical, electrochemical and electronic properties,
leading to numerous and various potential applications [189,190]. For
instance, the high catalytic activity promise its use as an integrated 3D
cathodes with the highest performance—price ratio in electrochemical water
splitting for large-scale hydrogen fuel production [191]. Accordingly, in this
work the strategy to consistently enhance the HER catalysis of iron group
metals alloys though nanostructurization by applying template assisted
deposition has been presented. As it is illustrated in Fig 24a, the process
begins with a conductive layer of Au sputtering on the one side of the
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polycarbonate foil. Co-W segments were grown from electrolyte containing
COSO4, N32WO4, N8.3C6H507, C,HsNO, and M NaOH (pH 10) with an
applied cathodic pulsed current density of 80 mA c¢cm? with a 5 s on-time
and a 10 s off-time current (Fig. 24b). Notable, with a goal to maintain
kinetic control and avoiding gas accumulation and concentration gradients
within the pores, thinner polycarbonate films were used instead of AAO, and
a relaxation, or off-time, was chosen to be twice as longer as the on-time.
The current density was chosen in such manner that Co-W with low W
content would be deposited because as it was demonstrated in [7], the
highest saturation magnetization and coercivity were found for Co-W
samples with the low W content.
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Fig. 24. Schematic route of the development of nanowire-nanoparticle
composites: (a) sputtering a layer of gold; (b) pulsed electrodeposition of Co-W
nanowires; (c) adding colloidal gold nanopatrticles; (d) pulsed electrodeposition
of Co-W alloy; (e) dissolving the membrane.

24 pav. Nanoviely-nanodaleliy kompozity formavimo schema: (a) Au sluoksnio
uzpurskimas; (b) impulsinis Co-W nanoviely nusodinimas; (c) Au nanodaleliy
jvedimas,; (d) impulsinis Co-W Iydiniy nusodinimas j poras; (e) membranos
tirpinimas.

Fig. 25. TEM images of Co-W nanowires with measured (a) length and (b)
diameter.

25 pav. Co-W nanoviely TEM nuotraukos, kuriose iSmatuotas jy ilgis (a) ir
skersmuo (b).
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A typical example of released nanowires after dissolving membrane in
dichloromethane is shown in Fig. 25 (a, b). Subsequent use of this membrane
as a template for the growth of nanowires allow to expect that the length of
these nanostructures is proportional, not higher than the aforementioned
thickness (6-7 um). Meanwhile the average diameter of the Co-W nanowires
is about 130 nm, which is slightly bigger than the pore size of the PC
templates (100 nm).

The catalytic properties were determined by applying the same procedure
as in the case of Co-5at.%W think film. Fig. 26 shows the polarization
curves recorded for different forms of electrodes. It was found that the
exchange current density for the Co-5at.%W nanowires is considerably
higher than that of the flat Co-W coatings with the same W percentage,
namely 3.7 mA cm for NWs and 0.02 mA cm for plane deposits. This can
be attributed to the more exposed active sites because of their high surface
area-to-volume ratio and the direct contact of nanowires to the underneath
conductive substrate which ensures each nanowire to participate in the
reaction [192]. Besides the improved functional properties surface
(bio)functionalization of the nanowires with the appropriate ligands or
biomolecules are often desired to tune the nanostructures towards a
biomedical/biotechnological applications. Up to now, surface modification
was mostly applied onto the entire surface of the nanostructures [193-195].
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Fig. 26. Cathodic polarization curves of different configuration Co-W electrodes
in 30 wt.% NaOH. The scan rate is 2 mV s™.

26 pav Skirtingos konfigiracijos Co-W lydiniy poliatrizacinés kreivés 30 sv.%
NaOH tirpale. Potencialo skleidimo greitis 2 mV s,

Though, selective functionalization of NW arrays with several active
segments offers a unique ability to combine a number of functionalities
and/or properties while avoiding molecular interference due to randomly
distributed functional groups that could lead to multifunctionality of the
system [196]. Regarding metallic NWs, the most frequently and successful
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reported selective functionalization strategies rely on individual multi-
component nanowires that are composed of different material segments. For
instance, the magnetic part of iron group metal was found to be responsible
for the magnetic interactions and controlled positioning of the NWs, while
the gold segment provides possible functioning with the biological entities,
e.g thiol-containing molecules [197,198]. On the other hand, gold is a well-
established material that displays attractive optical properties, biological
compatibility, catalytic activity, and excellent surface effects. Accordingly, it
was anticipated that the combination of Co, Ni or Fe and Au segments in a
hybride structure on the nanoscale would produce a new nanostructured
material that reveal properties beyond those of their individual components,
thereby opening up the area of bio-magnetic applications.

Indeed, the multilayered iron group metals and gold nanowires were
electrodeposited in [199-201]. Talking about the iron group metal alloys
with  W/Mo, the possibility to fabricate Co-W nanostructures inside the
pores of AAO from citrate-ammonia and citrate solutions was demonstrated
in [27,202], while the electrodeposition of Ni-W alloys from ammonia-free
electrolytes containing citrate and boric acid in a deep recess was reported in
[203]. However, no reports of electrodeposited iron group metal alloy
nanowires with W/Mo modified with gold segments exist so far. Thus, in
this work not only an improvement in electrodeposition of Co-W alloy
nanowires from both an ammonia-free and boric acid-free electrolyte and
their catalytic activity towards alkaline HER, but a novel approach to
assemble with two functional sections, the Co-W alloy and Au nanoparticle
segment, for possible assembling and sensing functions, respectively, is

presented.
(a) (b)
i 100 nm . 100 nm |

Fig. 27. TEM images of Co-W nanowires with (a) Au nanoparticles, (b) FeO
nanoparticles captured at the nanowire tip.

27 pav. Co-W lydiniy nanoviely kompozitai su Au nanodalelémis (a) ir FeO
nanodalelémis (b).

For such purpose after the electrodeposition of Co-W nanowires, the
electrolyte was flushed with water. Then the nanoparticle solution was added
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to the membrane with formed nanowire electrodes and vacuum was applied
for 1 minute in order to attach the NPs (Fig. 24c). The nanoparticles were
fixed on the surface by deposition of an additional Co-W alloy layer while
applying 20 pulses in the same pulse mode as described previously (Fig.
24d). The last step (Fig. 24e) is the release of the wires from the
polycarbonate membrane by dissolving the membrane in dichloromethane.
Fig. 27a shows that gold nanoparticles were indeed attached to the top of
Co-W nanowires.

In this study the Au NPs were chosen for their inert nature and possible
functioning with biological entities that allows them to serve as the labels for
the detection of biological species. However, the Au NPs segment can be
easily interchangeable with a variety of other materials, such as metal
oxides. More specifically, the iron oxide nanoparticles with
superparamagnetic properties are being developed as specific contrast agents
in magnetic resonance capable of wide-ranging applications, including
imaging of cancer tumours in live animal models [204]. Following thi
example, the Co-W nanowires modified with FeO nanoparticles are shown
in Fig. 27b. The ability to incorporate a wide range of materials as a
functional segment provides the feasibility to fabricate different functional
devices using the same platform reported herein.
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4. CONCLUSIONS

The extensive research on the intrinsic (electrochemical conditions-
tungsten content-structure) and extrinsic (electrochemical properties)
interdependencies of the alloys of iron group metals (Me) with W/Mo have
been carried out in order to elucidate the opportunities for further
design/application of those alloys, including with very high content of
refractory metal. The following conclusions can be outlined:

e The well-thought conditions of electrodeposition of alloys of iron group
metal with W/Mo permitted to obtain homogeneous, compact, well adhered
to the substrate coatings having up to ~ 30 at.% of W and ~ 50 at.% of Mo,
which are characterized by ultra-nanocrystalline structure (the crystallite size
< 5 nm), having two phases: W/Mo solid solution in Me and corresponding
intermetallic compound.

e Hydrogen evolution reaction (HER) on W/Mo-rich ultra-nanocrystalline
alloys in 30 wt.% NaOH solution is much higher than the activity of their
individual components and crystalline counterparts having low refractory
metal content. The values of apparent exchange current density (ECD)
reduces in the following order for investigated alloys: (in at.%): Co-52Mo >
Ni-54Mo > Fe-54Mo>Ni-29W>Co0-33W>Fe-30W.

e The highest apparent ECD (46.2 mA cm) was obtained for Co-52at.%Mo
coating which could be attributed to the formation of the intermetallic
Co3Mo phase ensuring the larger number of the active sites for HER. The
another way to increase ECD was shown through template electrodeposition
of Co-W nanowires (NWs): ECD for Co-5at.%W electrode increased from
0.02 mA cm (coating) to 3.7 mA cm2 (NWSs).

e The highest corrosion resistance in H,SO, was determined for Co-
24at.%W alloy, in which the phase transition from W solid solution in Co to
CosW intermetallide occurs. The CosW phase provides superior corrosion
resistance to Co-W coatings that was successfully used for catalytic anodic
oxidation of methanol in H,SO,. The anodic peak current density of
methanol oxidation was 12.3 mA-cm 2 which is higher than on Pt (2.4 mA
cm?).

¢ The modification of the binary alloys by introducing the third element (P,
Cu, Au) allows to improve the applicability of those alloys. Thus, jeorr 0f Co-
Cu-W alloy can be decreased in 300 times, while jeorr Of Fe-W-P alloy only
in 2 times in comparison to their binary counterparts. Another opportunity
was gathered by fabrication of a novel nano-composite NWs arrays, where
Co-W matrix was modified with Au nanoparticles in order to design new
material for sensing application.
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5. SANTRAUKA
Ivadas

Gelezies grupés metaly (Co, Ni, Fe) lydiniai su W/Mo pasizymi
vertingomis mechaninémis, antikorozinémis, magnetinémis, tribologinémis
savybémis. Pvz. nanokristaliniy didelj W/Mo kiekj (= 23 at.%) sudétyje
turin¢iy lydiniy kietumas siekia 10 GPa esant 20 mN apkrovai. Pazymétina,
jog §i verté yra artima elektrolitinio chromo dangoms esant toms pacioms
eksperimentinéms salygoms. Be to, gelezies grupés metaly lydiniams su
W/Mo bidingas iSskirtinis atsparumas trinciai ir geras lankstumas (visiskai
sulenkiama 180 kampu be jtrikimy), 0 tempimo stipris siekia net iki 2333
Pa. Yra duomeny apie jy gebéjimg katalizuoti elektrocheming vandenilio
i$siskyrimo i§ vandens reakcijg. Taip pat didelis W/Mo kiekis lydiniuose
zenkliai padidina jy lydymosi temperatira, kuri gali siekti net iki 2500°C.
Taigi, nenuostabu, kad tokiy lydiniy praktinio pritaikymo galimybés
technologijoje priklauso nuo konkreciy jy funkciniy savybiy: vieni jy
naudojami dél terminio atsparumo, kiti — dél magnetiniy savybiy, dar kiti —
del isskirtinio kietumo, ir t.t. Vis délto, Siuolaikiniame pasaulyje vis daugiau
démesio susilaukia daugiafunkcinémis savybémis pasizymincios lydiniy
dangos, kurios ne tik leidzia sumazinti iSlaidas, susijusias su nusodinimo
procesais, tatiau taip pat salygoja efektyvesnj jrenginiy panaudojima. Siame
kontekste gelezies grupés metaly lydiniai su W/Mo sulaukia didziulio
susidoméjimo dél galimybés net keleta anksCiau minéty technologiniu
poziiiriu svarbiy charakteristiky sujungti j vieng lydinj. Gerai zinoma, kad
lydiniy funkcinés savybés yra susijusios su jy chemine sudétimi. Ir nors
mechanings, tribologinés ir terminés Co, Ni ir Fe lydiniy su W/Mo savybés
yra gana pladiai iStirtos ir apraSytos, rezultatai, susij¢ su jy
elektrocheminémis savybémis yra gana prieStaringi. Kitaip tariant,
nepakanka duomeny Koreliacijai tarp lydiniy sudéties ir konkreciy
elektrocheminiy savybiy nustatyti, pvz. katalizinio aktyvumo vandenilio
iSsiskyrimo reakcijoje ar korozijos greiCio. Pirmiausia tai susije su
skirtingais lydiniy paruosimo budais. Deja, elektrocheminiy savybiy
interpretavimas net ir electrochemiskai nusodintiems lydiniams yra gana
komplikuotas, nes paprastai skirtingi autoriai lydiniy nusodinimui naudoja
skirtingas elektrolizés salygas, kurios jtakoja nevienodus morfologijos ir
struktiiros ypatumus, o Sie savo ruoztu, lemia skirtingas elektrochemines
savybes. Literatiiroje netgi pasitaiko tokiy atvejy, kai labai artimos ar netgi
vienodos cheminés sudéties lydiniai yra apibtidinami skirtingais kataliziniais
aktyvumais vandenilio i$siskyrimo reakcijoje ar skirtinga korozine elgsena.
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Atsizvelgiant | tai, Sis darbas yra skirtas sistemingam elektrocheminiy
gelezies grupés metaly lydiniy su W/Mo elektrocheminiy savybiy iStyrimui.
Nusodinimo sglygos buvo parenkamos taip, kad sunkialydzio metalo Kiekis,
ty. W ar Mo, lydinyje biity kuo jvairesnis esant panasioms nusodinimo
salygoms. Arba panaSus esant skirtingoms nusodinimo salygoms, siekiant
jvertinti geleZies grupés metalo jtaka konkreCioms elektrocheminéms
savybéms.

Darbo tikslas: atlikti i8samy gelezies grupés metaly lydiniy su W/Mo
elektronusodinimo tyrima — nustatyti, kaip Siy lydiniy morfologija, sudétis ir
kristaliné struktira jtakoja juy elektrochemines savybes, t.y. katalizinj
aktyvuma vandenilio i$siskyrimo reakcijoje Sarmingje terpéje, metanolio
oksidacijos reakcija ir korozinj atsparumg rtigstiniame tirpale.

UZdaviniai:

1. Optimizuoti skirtingos sudéties lydiniy elektrolizés salygas (tirpalo pH,
srovés tankj/potenciala, temperatiirg), siekiant nusodinti skirtingos
sudéties Co, Ni ir Fe lydinius su W/Mo ir nustatyti jy sudéties-
morfologijos-struktiiros sarysius;

2. Jvertinti, kaip lydiniy sudétis, morfologija ir strukttira jtakoja gelezies
grupés metaly (Co, Ni, Fe) lydiniy su W/Mo Kkatalizines savybes
vandenilio i$siskyrimo reakcijoje Sarminéje terpéje;

3. Nustatyti optimalig Co-W lydinio, efektyviai katalizuojanc¢io metanolio
oksidacijos reakcijg HoSOq tirpale, sudétj;

4. Istirti Co-W lydiniy korozing elgseng ir nustatyti, kaip ji kinta
priklausomai nuo jy cheminés sudéties bei struktiiros;

5. Atlikti Co-W lydiniy nanoviely nusodinimg j porétas polikarbonatines
membranas ir modifikuoti suformuotas nanostruktiiras Au nanodalelémis
siekiant sukurti naujus nanoviely-nanodalely kompozitus.

EKSPERIMENTU METODIKA

Darbe taikyta tyrimy metodologija schematiskai yra pavaizduota 6 pav. (34
psl.). Gelezies grupés metaly (Co, Ni, Fe) lydiniy su W/Mo
elektronusodinimui naudoty tirpaly cheminés sudétys yra pateiktos 2
lenteléje (35 psl.).

Lydiniy __elektronusodinimas. Elektrocheminis nusodinimas atliktas
naudojant jprastine trijy elektrody sistemg. Darbiniai elektrodai W lydiniy
nusodinimui buvo gaminami i§ neriidijandio plieno vielos (1 cm?) ar
ploksteliy (2 cm?). Mo lydiniai buvo nusodinami and vario vielos (1 cm?)
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arba vario ploksteliy (2 cm?), priklausomai nuo dangy tyrimo metodo. Visais
atvejais palyginamuoju naudotas Ag/AgCl elektrodas sociame KClI tirpale,
pagalbiniu — platinuoto titano tinklelis. Elektronusodinimas buvo vykdomas
20 ir 60°C (£ 2°) temperatiirose. Elektrodai prie§ matavimus buvo
nuriebalinami ultragarso voneléje vaitspirito ir acetono tirpaluose. Sukibimui
pagerinti, ant pagrindo buvo nusodinamas plonas Ni sluoksnis i§ 240 g 1*
NiCl,-6H.0O + 80 g I'* HCI (nusodinimo laikas 1 minut¢), srovés tankis 10
mA cm?,

Pavirsiaus morfologija, sudétis ir struktiira. Nusodinty dangy morfologija
buvo tiriama skenuojanciais elektroniniais mikroskopais Hitachi TM-3000 ir
Hitachi SU-70. Elementiné dangy buvo nustatoma SEM-EDS metodu
(programiné jranga Swift ED-3000), o faziné sudétis identifikuojama
remiantis Rentgeno  spinduliy  difrakcinés  analizés  duomenimis
(difraktometras Rigaku MiniFlex II, prgraminé jranga PDXL). Lydinius
sudaranéiy kristality dydis buvo apskaiGiuotas taikant Sererio lygti.
ISsamesni  struktiros tyrimai buvo atlickami interpretuojant didelés
skiriamosios gebos transmisiniu elektroniniu mikroskopu Talos F200X
gautus vaizdus.

Elektrocheminiai tyrimai. Vandeninio skyrimosi grei¢io nustatymo ir
elektrocheminés  korozijos  tyrimai  buvo  atliekami tiesinés
voltamperometrijos ir elektrocheminio impedanso spektroskopijos (EIS)
metodais naudojant universalia  elektrocheminiy tyrimy sistema
AUTOLAB302 bei programing jranga GPES ir FRA. Ciklinés
voltamperometrijos matavimai buvo taikomi analizuojant Co-W Kkatalizinj
aktyvuma metanolio i§siskyrimo reakcijoje.

REZULTATU APTARIMAS
Lydiniy sudéties, morfologijos ir struktiiros sarysiai

Naudojant tos pacios sudéties citratinj elektrolita ir kei¢iant tik elektrolizés
salygas (tirpalo pH, srovés tankj bei temperatiirg), nusodinamos kokybiskos
elektrolitinés Co, Ni ir Fe lydiniy su W dangos, kuriose W kiekis kinta
pakankamai pla¢iame intervale, t.y. nuo 0 iki 33 at.%. Yra Zinoma, kad
aukstesné elektrolito temperatiira sumazina poliarizacija, sumazina metaly
koncentracijy skirtumus difuziniame sluoksnyje prie katodo, dél to padidéja
dalinis W srovés tankis ir atitinkamai nusodinamas didesnis jo Kiekis
lydinyje. Tokiu btdu kambario temperatiiroje nusodintose dangose
didziausias nusodinamo W kiekis siekia 25 at.%, tuo tarpu 60°C
temperattroje Sis kiekis gali biiti padidinamas iki 33 at.%.
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Pastebéta, kad W kiekis lydiniuose su gelezies grupés metalais jtakoja jy
pavirSiaus morfologija, t.y. didé¢jant W kiekiui nuo 2 iki 7 at.%, lydinj
sudarantys kristality aglomeratai smulkéja, pasikeicia jy forma. Kai W kiekis
padidéja nuo 7 iki 17 at.%, pavirSiuje vyrauja jvairaus dydzio kampuoti,
netaisyklingos formos kristalitai, o esant > 23 at.% W, lydiniui budinga
smulkiakristaliné griidéta struktiira. Verta atkreipti démesj, kad kambario
temperatiiroje nusodintos dangos yra sutriikinéjusios ir prastai sukibusios su
nertidijancio plieno pavir§iumi. Prasta dangy kokybé turi neigiamos jtakos jy
funkcinéms savybéms, tad toliau tyrimams buvo pasirinkti 60°C
temperatiiroje suformuoti lydiniy pavirsiai.

Morfologijos poky¢iai susij¢ ir su lydiniy struktiiros ypatybémis. Kaip
matyti i§ 7 pav. (40 psl.) pateikty difraktogramy, kai W kiekis yra mazesnis
nei 20 at.%, nusodinami nanokristaliniai Co-W, Ni-W ir Fe-W lydiniai,
kuriy struktiira artima atitinkamai hcp Co, fcc Ni ir bec Fe struktiirai. Tiesa,
lyginant su elektrochemiskai nusodinty gelezies grupés metaly smailémis,
atitinkamuose lydiniuose su W pastebimas jy poslinkis | mazesniy kampy
puse. Tai aiSkinama W kietojo tirpalo gelezies grupés metalo kristalinéje
gardeléje susidarymu, kai Co-W, Ni-W ir Fe-W lydiniuose yra nedidelis W
kiekis. Kai W kiekis padidéja iki ~ 24 at.% Co-W ir Ni-W lydiniams bei 17
at.% Fe-W lydiniy atveju, Rentgeno spinduliy difraktogramoje lieka viena
plati smailé. Zinoma, jog toks smailés iplatéjimas siejamas su kristality
dydzio sumazéjimu. IS tiesy, buvo nustatyta, kad didé¢jant W kiekiui lydinyje
kristality dydis mazéja nuo mazdaug 60-50 nm (elektrochemiskai nusodinti
gryni gelezies grupés metalai) iki 2-5 nm (esant ~ 30 at.% W). Didelj
sunkialydzio metalo kiekj turin¢iy Co-W, Ni-W ir Fe-W lydiniy kristality
dydziy vertés buvo patvirtintos taikant TEM analizg. Pazymétina, kad Siame
darbe lydiniy, sudaryty i§ tokiy mazy kristality (< 5 nm), yra vadinama ultra-
nanokristaline.

Siekiant padidinti sunkialydzio metalo kiekj gelezies grupés metaly
lydiniuose, Siame darbe tai pat buvo nustatytos optimalios elektrolizés
salygos, kuomet nusodinamos homogeniskos, be jtrikimy ir gerai su
pagrindu sukibusios net apie 50 at.% Mo sudétyje turincios lydiniy su Co, Ni
ir Fe dangos su priimtina srovine iseiga (~ 50 at.%) (10 pav., 44 psl.). Kaip ir
buvo tikétasi, tokj didelj sunkialydzio metalo kiekj turintys lydiniai pasizymi
ultra-nanokristaline strukttra (kristality dydis siekia 2 nm) (11 pav., 44 psl.).

Elektrochemingés savybés

Vandenilio _iSsiskyrimo _reakcija. Paprastai katalizatoriy efektyvumas
vandenilio issiskyrimo reakcijoje vertinamas lyginat vandenilio mainy
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srovés tankio reikSmes, kurios apskaiciuojamos ekstrapoliuojant Tafelio
tieses iki tasko, kuriame vir$jtampis yra lygus 0. Zinoma, jog didesnés mainy
srovés tankio vertés reiskia lengvesne vandenilio jony redukcijg — turi buti
suteiktas maZesnis vir§jtampis, kad biity generuojama didesné srové.

Darbe buvo nustatyta, kad gelezies grupés metaly lydiniai su W pasizymi
didesniu kataliziniu aktyvumu 30 sv.% NaOH tirpaluose, lyginant su grynais
gelezies grupés metalais. Atsizvelgiant | lydiniy morfologija, vidutinio
Siurk$tumo matavimus bei tikrajj lydiniy pavirSiaus plota visai tirtais atvejais
galima daryti iSvada, jog lydiniams biidingas didesnis katalizinis aktyvumas
yra susijes su sinergetiniu efektu, kuomet formuojantis dvinariui lydiniui
pasikeicia elektroninis tankis d-lygmenyje ir tai teigiamai veikia vandenilio
iSsiskyrimo kinetika. Taip pat nustatyta, kad ultra-nanokristaliniai didelj
sunkialydzio metalo kiekj sudétyje turintys lydiniai yra aktyvesni uz
nanokristalinés strukttiros gelezies grupés metaly lydiniy su W elektrodus.
Katalizinis visy gelezies grupés metaly lydiniy su W aktyvumas didéja tokia
tvarka: 5 at.% W < 20 at.% W < 30 at.% W. Tokia tendencija gali buti
siejama su struktiiros ypatumais, kuomet formuojantis ultra-nanokristalinei
struktiirai susidaro ne tik daugiau aktyviy centry, galin¢iy dalyvauti
reakcijoje, bei susidaro atitinkami stabil@is intermetaliniai junginiai.

Teigiamas efektas tiriant katalizinj ultra-nanokristaliniy gelezies grupés
metaly lydiniy su W aktyvumag buvo pastebétas keliant -elektrolito
temperatiirg: didinant temperattirg nuo 25 iki 65°C visy turty lydiniy atvejais
mainy srovés tankio vertés didéja. Didziausias Kkatalizinis aktyvumas
nustatytas ultra-nanokristaliniam Ni-W lydiniui: vandenilio mainy srové
siekia 14.5 mA cm? esant 65°C (3 lentel¢, 46 psl.).

Taip pat dideliu kataliziniu aktyvumu vandenilio iSsiskyrimo reakcijoje
pasizymi gelezies grupés metaly lydiniai su Mo. Pritaikius tg pacia tyrimy
metodika, kaip ir lydiniy su W atveju, buvo apskai¢iuotos Mo pagrindu
nusodinty lydiniy vandenilio mainy srovés tankio vertés, esant skirtingoms
natrio Sarmo tirpalo temperatiiroms. Rezultatai parodé, jog Co-52at.%Mo
lydinys tirtame temperatiiry intervale pasizymi didziausiu Kkataliziniu
aktyvumu: vandenilio mainy srové siekia 46.2 mA cm? esant 65°C (4
lentelé, 47 psl.).

Svarbu pazymeéti, kad lyginant su literatliroje publikuotais analogisky
lydiniy rezultatais, gautais esant panaSioms eksperimentinéms salygoms,
Siame darbe suformuotoms Mo elektrodams biidingos didesnés vandenilio
mainy sroves vertes.

Metanolio oksidacijos reakcija. Metanolio oksidacijos reakcijos tyrimui
buvo pasirinkti charakteringos sudéties ir strukttros Co-W lydiniai (t.y.
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nanokristaliniai méginiai, turintys 3, 18 at.% W ir ultra-nanokristalinés
struktiiros lydinys, turintis 30 at.% W). Nustatyta, kad ant maza W kiekj (3 ir
18 at.%) turin¢iy elektrody nevyksta metanolio oksidacija ir srovés
padidéjimas siejamas su Co-W lydinio tirpimu (12a pav., 48 psl.). Tuo tarpu
atliekant analogiskus bandymus su ~ 30 at.% W turin¢iais Co-W lydiniais
buvo pastebétas anodiné smailé ties 0.6 V (12b pav., 48 psl.), kuri buvo
aptikta ir palyginamosiose kreivése ant platinos elektrodo (12c pav., 48 psl.)
— vieng efektyviausiy oksidavimui naudojamy elektrody. Lydiniy sudéties po
metanolio oksidavimo reakcijos tyrimai parodé, kad Siuo atveju reakcijos
metu korozija paveikia tik virSutinj elektrodo sluoksnj ir nustatytas 3 at.% W
kiekio padidéjimas pavirdiuje lyginant su pradine lydinio sudétimi. Svelniai
su $vitriniu popieriumi nuvalius virSutinj sluoksnj buvo pakartota sudéties
analize, ir rezultatai sutapo su pradinés, nusodintos dangos sudétimi. Taigi,
galime manyti, jog ultra-nonkristalinés struktiiros lydiniai, kuriuos sudaro
intermetalinis CosW junginys ir W kietasis tirpalas Co kristalinéje gardeléje,
apsaugo nuo kobalto tirpimo ir lydinys gali dalyvauti katalizinéje reakcijoje.

Korozinés savybés H>SO4 tirpale. Elektrocheminés korozijos tyrimuose buvo

vertinami jvairios sudéties Co-W lydiniy korozijos parametrai: korozijos
srove, korozijos potencialas ir korozijos varza. Korozijos parametrai Siame
darbe buvo apskaiCiuojami i§ poliarizaciniy matavimy (16 pav., 52 psl.)
naudojantis Alleno-Hicklingo aproksimacija. Paaiskéjo, jog korozijos varza
keiciasi analogiSkai su korozijos srovés tankio vertémis. Didziausias
korozinis atsparumas buvo nustatytas Co-W lydiniui, turin¢iam 24 at.% W
(5 lentelé, 52 psl.).

Po korozijos tyrimo visais atvejais deguonies kiekis Co-W dangose zenkliai
iSauga. Jose taip pat nustatytas didesnis W kiekis. Atsizvelgiant | gautus
rezultatus bei oksidinio sluoksnio storio pokycius, atskai¢iuotus remiantis
ploksc¢iojo kondensatoriaus talpos formule, galima sprgsti apie tai, jog
elektrocheminés korozijos metu vyksta anodinis Co tirpimas, o W
oksiduojasi susidarant tarpiniams produktams su deguonimi. Apskaiciuotas
Co-W korozijos metu susidaranc¢io oksidinio sluoksnio storis didéja, kai
lydinyje auga W kiekis, ir pasiekia maksimalig verte, ties 24 at.% W (17
pav., 54 psl.). Sis oksidas efektyviausiai apsaugo Co nuo tirpimo.

Binariniy lydiniy modifikavimas

Treciojo metalo jvedimas j Ilydinj. Literatiiroje randama duomeny, jog

funkcinés dvinariy lydiniy savybés gali biiti zenkliai pageriamos | sistema
jvedant treCigjj komponentg. Turint omenyje didelj Cu atsparuma korozijai,
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buvo nuspregsta atlikti naujo, literatiroje dar neaprasyto Co-Cu-W lydinio
elektronusodinimg. Elektronusodinimas buvo atliktas potenciostatinémis
salygomis. 18 pav. (55 psl.) galima matyti lydiniy cheminés sudéties ir
iSeigos pagal srove sarySius su nusodinimo potencialo vertémis. Trinario Co-
Cu-W lydinio charakteristikos buvo lyginamos kartu su binariniais Co-W ir
Cu-W lydiniais. Kadangi didziausias W kiekis, kurj pavyko nusodinti su Cu
yra 6 at.%, palyginamiesiems korozijos atsparumo tyrimams 0.01 M H,SO,
tirpale buvo pasirinkti biitent tokj W kiekj turintys Co-Cu-W ir Co-W
lydiniai. Cu-W lydinio atveju susidaro W Kkietasis tirpalas Cu kristalinéje
gardeléje, tuo tarpu trinario lydinio difraktogramoje pastebimos ir
heksagoninio Co smailés (19 pav, 56 psl.). Morfologijos tyrimai parodé, kad
Cu-6W ir Co-41Cu-5W lydiniy pavirSiaus vaizdas zenkliai skiriasi nuo
panasy W kiekj turinéio Co-W lydinio (9a pav., 43 psl.): dangy, kuriy
sudétyje yra Cu, pavirSiy sudaro grudéti aglomeravusiy kristality agregatai
(20 pav., 56 psl.).

Pasirinkty lydiniy koroziné elgsena buvo tiriama lyginant korozijos srovés
vertes, apskaiCiuotas analizuojant poliarizacines kreives (21 pav., 57 psl.) bei
Alleno-Hicklingo pasitilyta metoda. Nustatyta, kad jvedus Cu j Co-W lydinj
korozijos srovés tankis zenkliai sumazéja apie 300 karty. Po eksperimento
atlikta cheminés sudéties analize parodé, kad trinariame lydinyje iSauga Cu
ir W kiekis, bei atitinkamai sumazéja Co kiekis. Galima manyti, kad j tirpala
peréje Cu jonai proceso metu vél yra redukuojami iki metalinés formos. Taip
pat, remiantis literatliroje pateiktais duomenimis, galima daryti prielaida, kad
korozinis Co-Cu-W atsparumas, lyginant su tokj patji W kiekj turin¢iu Co-W
lydiniu, iSauga dél apsauginés plévelés, kurios sudétyje yra Cu, susidarymo
pavirsiuje.

Fosforo jvedimas i Iydinj. Volframo lydiniai gali biiti naudojami pramoniniy
peiliy, skirty vaisiy (alyvuogiy) smulkinimui, gamyboje. Perspektyviis yra
gelezies pagrindu paruosti lydiniai, nes prieSingai, nei kobalto arba nikelio

lydiniy atveju, juos leidziama naudoti maisto pramonégje. Siame darbe
koroziné elektrochemiskai nusodinty Fe, Fe-W ir Fe-W-P lydiniy elgsena
buvo tiriama 0.012 M Na,SO, + 0.027 M NacCl tirpale 90°C temperatiiroje,
t.y. atsizvelgiant j realias panaudojimo salygas, siekiant lydinius potencialiai
pritaikyti maisto apdirbimo pramonéje. Lydiniy elektronusodinimo salygos
buvo parenkamos taip, kad juose bty didelis W kiekis (apie 30 at.%). Fe-W
dangos kokybei pagerinti | elektrolita buvo pridéta organiniy priedy: 1,4-
butindiolio ir Rokafenolio-10. Nustatyta, kad fosforo jvedimas j Fe-W lydinj
rysSkios ijtakos pavirSiaus morfologijai neturi, susiformuoja tik kiek
smulkesnis gradéty aglomeraty pavirSius (22 pav., 59 psl.). Tuo tarpu

72



dangos, nusodintos i§ elektrolito, kuriame yra organinés kilmeés priedy,
pasizyméjo dar smulkesne struktiira. Visais atvejais buvo gautos ultra-
nanokristalinés struktiiros lydiniai (23 pav., 59 psl.).

Skirtingos sudéties Fe pagrindu nusodinty lydiniy korozijos srovés buvo
nustatomos naudojantis voltamperinémis kreivémis. Nustatyta, kad net ir
nezymus P jvedimas j Fe-W lydinj sglygoja didesnj pavirSiaus atsparuma
elektrocheminei korozijai: Fe-W-P pavirSiui nustatyta 2 kartus mazesné
korozijos srové , nei elektrolitinéms Fe ir Fe-33 at.% W dangomis (6 lentelé,
60 psl.). Atlikus palyginamuosius Co-W ir Fe-W lydiniy korozijos tyrimus
0.012 M NazSO4 + 0.027 M NaCl tirpale 90°C temperatiiroje pastebéta, kad
nanokristalinés struktiiros Co-31 at.% W lydiniui biidinga mazesné korozijos
srové, nei tokios pacios struktiros Fe-33 at.% W lydiniui. Tiesa, j Fe-W
lydinj jvedus nedidelj kiekj P, korozijos srové tampa artima anks¢iau minétai
Co-31 at.% W danga (~ 1.7 - 10° A cm™).

Nanostruktirizavimas. Galiausiai buvo pritaikytas dar vienas lydiniy
modifikavimo metodas, ty. nansotruktiirizavimas atliekant
elektronusodinimg naudojant nanopory membrany Sablong. Laidumui
uztikrinti pirmiausia buvo uZpurSkiamas plonas Au sluoksnis. Tuomet
nanoporos elektrochemiskai buvo uzpildytos Co-W lydiniu.

Nusodintos nanovielos buvo panaudotos kataliziniams tyrimams vandenilio
i$siskyrimo reakcijoje. Ir kaip ir buvo tikétasi dél iSaugusio pavirSiaus ploto
Co-5 at.%W lydinio nanoviely vandenilio mainy srovés tankis, lyginant su

plonais sluoksniais, turinCiais tg pacia sudétj, t.y. , iSauga net apie 300 karty
(26 pav., 62 psl.).

Siame darbe pirma karta buvo pasidlyta idéja nusodintas nanovielas
modifikuoti Au nanodalelémis, kuomet atskiros nanodalelés yra jtvirtinamos
ant nanovielos virsunélés (27 pav., 63 psl.). Tokiy kompozity gamybos
schema schematiSkai yra pavaizduota 24 pav., 61 psl. Tokios naujoviskos
nanostruktiiros gali biti pritaikytos jutikliy gamyboje, mat Au nanodalelés
gali biiti modifikuojamos jvairiomis biologinémis funkcinémis grupémis.
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ISVADOS

1. Keiciant elektrolizés salygas, buvo suformuotos homogeniskos,

kompaktiskos, gerai su pagrindu sukibusios gelezies grupés metaly
lydiniy dangos, turinc¢ios 30 at.% W ir 50 at.% Mo. Tokiy lydiniy
struktiira yra ultra-nanokristaline, ir ja sudaro dvi fazés: W/Mo Kietasis
tirpalas gelezis grupés metalo gardeléje ir atitinkami intermetaliniai
junginiai.

Visi tirti W/Mo lydiniai pasizymi didesniu kataliziniu aktyvumu
vandenilio iSsiskyrimo reakcijoje 30 sv.% NaOH tirpale, nei gryni
gelezies grupés metalai, 0 jy vandenilio mainy srovés vertés mazéja
tokia tvarka: Co-52Mo > Ni-54Mo > Fe-54Mo>Ni-29W>Co-33W>Fe-
30W (sudétis pateikiama at.%). Didziausias vandenilio mainy srovés
tankis (46.2 mA cm?) buvo nustatytas Co-52at.%Mo elektrodui, ir tai
gali biiti susije su stabilios CosMo intermetalinés fazés, kuriai budingas
didesnis aktyviy vandenilio iSsiskyrimo reakcijos centry skaiius,
susidarymu. Lydiniy nanostruktiirizavimas elektronusodinimo j poringas
membranas metu, susidarant lydiniy nanovieloms leidzia dar labiau
padidinti katalizinj aktyvuma, t.y. vandenilio mainy srovés tankis
padidéja nuo 0.02 mA cm? (Co-5at.%W ploni sluoksniai) iki 3.7 mA
cm2 (Co-5at.%W nanovielos).

Didziausiu atsparumu korozijai pasizymi Co-W lydinys, turintis 24 at.%
W, kuomet pastebimas peréjimas i§ nanokristalinés j ultra-nanokristaling
struktiira, ir susidaro stabilus intermetalinis CosW junginys. Déka
minéty pokyc¢iy ir padidéjusio atsparumo korozijai, Co-W elektrodas gali
katalizuoti metanolio oksidacijos reakcijg riigtiniame tirpale: Co-
30at.%W lydinio anodinés smailés srovés tankis siekia 12,3 mA-cm™,
tuo tarpu Pt ~ 2,4 mA cm™, t.y. apie 5 kartus mazesnis.

Binariniy lydiniy modifikavimas jvedant j sistema trecigjj komponenta
(P, Cu, Au) salygoja didesn;j atsparumg korozijai, pvz. trinariam Co-Cu-
W lydiniui btidinga 300 karty mazesnis korozijos srovés tankis, nei Co-
W lydiniui; Fe-W-P lydiniui nustatytas korozijos srovés tankis yra 2
kartus mazesnis, nei Fe-W lydinio atveju. Taip pat buvo suformuotas
naujas nano-kompozitas, sudarytas i§ elektronusodinty Co-W nanoviely
bei Au nanodaléliy, kuris galéty sékmingai biti modifikuotas
organinémis funkcinémis grupémis ir tokiu biidu pritaikytas jutikliy
karimui.
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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 cm2 at 65 °C).

© 2019 Elsevier Ltd. All rights reserved.

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 cleanli-
ness [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

* Corresponding author.
** Corresponding author.
E-mail addresses: ashra_nt@yahoo.com (N. Tsyntsaru), henrikas.cesiulis@chf.vu.
It (H. Cesiulis).
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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—2 Acm™2); long-term 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. — 12mV to reach the current density of
10mAcm~2 in 1M KOH and —47 mV in 0.1 M KOH [8]. Unfortu-
nately 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)-
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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> -
1072Acm™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 14at.% W
(ECD = 0.3 mA cm™2), while the W-richest Ni-W alloy (31.7 at.%)
was described as the weakest HER electrocatalyst under the same
conditions (ECD = 0.02 - 1072 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 ef-
ficiency 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
25at% 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 deter-
mined. 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 configu-
ration. 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 ti-
tanium 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 tempera-
ture of 60 °C. Electrodeposition in all cases was carried out on
stainless steel substrate foils (2. cm?), and on stainless steel rods
(1cm?), depending on the requirements for coatings’ character-
ization. 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 HCJ, at a cathodic current density of 10 mA cm2 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 pm was achieved. The given thickness al-
lows 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 pm
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:

CE @) -Em [""'"WM}JOO%, )

It | M Mw

where F - Faradays constant (96485C); m — measured mass (g); I -
current flowing through the plating solution (A); t -
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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 1!
(Co/Fe/Ni)SO4 CsHgO7 Na3CeHs07 H3BO3 Na;WO0, pH
Co/Ni[Fe - 0.2 0.04 025 0.65 - 6.7
Co-W 5 0.2 0.04 025 0.65 0.2 5.0
20 6.7
30 8.0
Ni-W/Fe-W 5 0.04 0.04 0.2 0.16 0.24 5.0
20 0.02
30 6.7
electrodeposition duration (s); x;, n;, M; — content (wt.%), electron from the following equation:
number, molecular weight (g mol~!) of i-th component of the alloy
(Ni, Co or Fe); xw, nw, Mw - content, wt.%, electron number, mo- n=E-E, (3)
lecular weight of tungsten (W).
The thickness of the electrodeposits in all cases was around - 2.3RT H 4)
10—15pum and was calculated from gravimetric and elemental = F p

analysis data using the following equation:

|

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); p; —
density of W (g cm ™).

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).

m

A

d= )

[x,--m+xw-m

Pi w

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/AgCI/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, , was calculated
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where n 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 J mol ).

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/AgCI/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 =2 (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 (g9 = 8.854 x 10" 2F m™1); &, 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 ¢ was calculated using the
following equation:
&r = XMe€MeO + XWEWO, (6)
where Xy and xy are atomic fractions of iron group metal (Ni, Co,
Fe) and tungsten in the corresponding alloy, respectively. Taking
er=11.9; 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
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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 elec-
trocatalytic 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 3
The average roughness, current efficiency and grain size of the as-deposited
coatings.

Sample Roughness, nm Current efficiency, % Grain size, nm
Ni 686 47.6 227
Ni-5 at.% W 639 44.2 149
Ni-20 at.% W 397 31.1 10.0
Ni-30 at.% W 270 218 43
Co 322 913 337
Co-4 at.%x W 171 89.6 27
Co-20 at.% W 416 83.0 237
Co-33 at% W 487 355 1.5
Fe 556 66.5 418
Fe-5 at% W 410 50.2 214
Fe-20 at.% W 256 46.9 1.5
Fe-31 at% W 310 374 15

33at.%W (R;=487nm). 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

Table 2
SEM micrographs of Ni, Co, Fe and Ni-W, Co-W, Fe-W electrodeposits made at higher (x6000) and lower (x500, inserts) magnifications.
Ni Ni-5 at.2W Ni-20 at.2W Ni-29 at.%W
¥
e 5pm
Co-20 at. %W Co-33 at. %W
% SUpm
-
S pm
Fe-20 at.%W Fe-30 at.%W
50 pm 50 pm
% §
; 5 nm 5 pm
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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
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Fig. 1. XRD patterns of as-deposited Ni, Co, Fe
Composition of alloys is given in at.%.

and Ni-W, Co-W, Fe-W coatings.
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the W solid solutions in Ni, Co or Fe together with their corre-
sponding thermodynamically stable intermetallic phases of CosW
[40,63], Fe;W [57], NigW [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 (5200)) 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.
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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; (c) 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™! Jjo/mA cm—2 N200/mMV
Ni 185 1.5.1072 - 586
Ni-5 at %W 175 24.1072 - 584
Ni-20 at%.W 160 731072 - 503
Ni-29 at.%.W 142 55-10°! -419
Co 189 35.10°° - 664
Co-5 at %W 184 16102 -621
Co-20 at. %W 176 38.102 -611
Co-33 at %W 146 23.107" - 490
Fe 233 1.0.10°3 -673
Fe-5 at %W 204 191073 -637
Fe-20 at %W 182 9.1.107° -517
Fe-30 at %W 176 16 - 1072 - 488
Pt 122 2.6- 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 ~30 mV 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
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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 NiyW 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 Ni4W 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.%
W > 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 (m200) 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 be o be o be o be o be

Ni-29W 055 142 15 134 29 118 59 97 145 78
Co-33W 029 146 091 139 12 134 27 101 60 93
Fe-30W 0016 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%W > 20 at.sW > ~30 at.%W, 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.%W 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, c, 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 7nygp 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, WO3, has been long accepted as a
promising non-precious-metal electrocatalyst for hydrogen
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Fig. 5. Influence of the temperature on cathodic polarization curves and plots in semi-
logarithmic coordinates for Ni—29at.%W (a—b), Co-33at.%W (c—d), Fe-30at.%W (e—f)
electrodeposits. The scan rate is 2mV s~
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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 14.5mAcm 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.%sW
under similar conditions. This was confirmed by the lower over-
potential value at —200mAcm 2 determined for Ni-29at.%sW
electrode (17200 =- 120 mV) than that determined for Co-33at.%sW
and Fe-30at%W (mz00=- 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 7,99 of
106 mV at 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.%W,
26.0kJ 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
(Eq=19.2kJ 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 189 1.0 KOH, 65°C 1.1.1072 [11]
Co-W 10 1.0 M NaOH, 25°C 7.65 - 1072 [23]
Co-W 27.3 1M NaOH 1.13-107%  [89]
Co-W 226 30wt% KOH, 25°C 1.2 - 1073 [32]
Ni-W 18.1 65-.10°
Ni-W 10 1.0 M NaOH, 30°C 50102 [20]
Ni-W Not specified 30wt% 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 ~30 at.% of W demonstrated the lowest 7,99 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 (26.0kJ mol™") and Fe—30at.3W (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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Abstract: The given research was driven by prospects to design Mo-rich coatings with iron group
metals electrodeposited from a highly saturated ammonium acetate bath. The obtained coatings
could be employed as prominent electrodes for the hydrogen evolution reaction (HER). It was found
that the Mo content in Ni-Mo alloys can be tuned from 30 to 78 at.% by decreasing the molar ratio
[Ni(ID]:[Mo(VI)] in the electrolyte from 1.0 to 0.25 and increasing the cathodic current density from 30
to 100 mA/cm?. However, dense cracks and pits are formed due to hydrogen evolution at high current
densities and that diminishes the catalytic activity of the coating for HER. Accordingly, smoother and
crack-free Ni-54 at.% Mo, Co-52 at.% Mo and Fe-54 at.% Mo alloys have been prepared at 30 mA /cm?.
Their catalytic behavior for HER has been investigated in a 30 wt.% NaOI solution at temperatures
ranging from 25 to 65 °C. A significant improvement of electrocatalytic activity with increasing
bath temperature was noticed. The results showed that the sequence of electrocatalytic activity in
alkaline media decreases in the following order: Co-52 at.% Mo > Ni-54 at.% Mo > Fe-54 at.% Mo.
These peculiarities might be linked with different catalytic behavior of formed intermetallics (and
active sites) in electrodeposited alloys. The designed electrodeposited Mo-rich alloys have a higher
catalytic activity than Mo and Pt cast metals.

Keywords: Ni-Mo; Co-Mo; Fe-Mo alloys; electrodeposition; hydrogen evolution reaction;
electrocatalysis

1. Introduction

Hydrogen is a clean fuel and an energy carrier that can be used for energy conversion and storage
and is considered as a possible substitute for fossil fuels [1]. Electrocatalytic water splitting offers an
ideal approach for highly pure hydrogen production. However, despite the multitude of on-going
research, the development of an optimized, cost-effective and sustainable catalyst, which possesses
a high catalytic activity for hydrogen evolution reaction (HER) is still rather appealing. Commonly,
the ability of a given metal to catalyze the HER is estimated based on the exchange current density
(ECD), i.e., the current density in the absence of net electrolysis at zero overpotential (at formal
equilibrium potential for hydrogen evolution reaction in the particular solution). It is known, that the
higher the ECD, the lower the overvoltage that must be applied to create a significant current flow.
Hence, elaborated electrocatalysts should manifest exchange current densities equivalent or analogous
to the ECD of polycrystalline platinum (~1 x 1073 A/cm? in alkaline electrolytes) [2].
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A considerable part of research on the design of effective cathode materials for HER has been
focused on Mo alloys with iron group metals (Ni, Co, Fe) due to their superior catalytic performance
in alkaline media [3-5], stability at elevated temperatures [6] and reasonable corrosion and oxidation
resistance [7-10]. These characteristics, combined with good electrical conductivity, easy usage and
reasonable price, are attractive parameters for selecting the cathode material for water electrolysis.
It was revealed that the activity of the Ni-x at.% Mo (12 < x < 29) alloy for HER is much higher than
that of separate metallic nickel and molybdenum electrodes [11-15]. This phenomenon is attributed
to the synergistic effect of Mo dispersed in the Ni matrix, which increases the real surface area of the
electrode [12,16]. In addition, the enhancement of the catalytic activity for the HER of the Ni-15 at.%
Mo alloy was ascribed to the modification of electron density in d-orbitals upon alloying nickel with
molybdenum [17]. In other words, this model implies that some of the electrons of the iron group
metal (Ni, Fe, Co) with more filled d-bands are shared with Mo having less-filled d-orbitals. This leads
to maximal bond strength and stability of the intermetallic alloy phases [18,19].

Commonly, Mo alloys with iron group metals (Ni, Co, Fe) can be synthesized by applying
mechanical alloying [3,20-22], powder metallurgy [11,23,24], spraying [25] and laser cladding
techniques [26]. However, fabrication processes in aqueous media are often considered as simpler,
cheaper and more environmentally friendly fabrication methods than those requiring sophisticated
apparatus, volatile and corrosive chemicals and extra energy that must be incurred to keep the system
in a liquid state. Thus, molybdenum can be successfully co-electrodeposited in the presence of
iron group metal ions (Ni(II), Co(II), Fe(II)) and appropriate complexing agents from an aqueous
electrolyte. It is assumed that the molybdate ions are reduced to molybdenum oxide or hydroxide,
which in the presence of iron group metal (Ni, Fe or Co) species allows the formation of the
corresponding binary alloy deposits. The effective Mo alloys electrodeposition with iron group metals
were carried out from citrate [3,5,7,27], citrate—ammonia [10,12], citrate-gluconate [28], ammonia [29]
and pyrophosphate [30,31] aqueous electrolytes.

Moreover, it was claimed that Ni-Mo electrodes show higher electrocatalytic activity than
other Ni-based binary alloys such as Ni-Co, Ni-Fe, Ni-Zn and Ni-Cr [5,29]. For a given reason,
the fabrication of Ni-Mo alloys possessing the highest activity for effective hydrogen production
was the target for the vast research in the last decades. There are numerous reports certifying
that the catalytic activity for hydrogen evolution is qualitatively proportional to the Mo content
in Mo-based alloys [11,13,17]. Therefore, researchers’ efforts were directed to optimize the plating bath
vs. deposition conditions in order to obtain Mo-rich alloys as effective catalysts for the HER. It was
shown that electrodeposition from ammonia based aqueous solutions produces Mo alloys with up to
~41 at.% of Mo [32-36]. Coatings containing more than 40 at.% Mo have been electrodeposited from
ammonium-citrate solution in the presence of imidazolium-based ionic liquids as an additive [37].
Ammonia is frequently added to improve the cathode current efficiency, however, there is also some
data about its effect on decreasing the Mo content in bimetallic Mo system with iron group metal (Ni,
Co, Fe) [34]. Thus, despite the reduced current efficiency, typically ammonia-free electrolytes are used
for the preparation of Mo-rich coatings, e.g., the Fe-Mo electrodes containing up to 59 at.% of Mo have
been prepared from a pyrophosphate bath [38,39]. Binary Fe-Mo alloys with 49 at.% of Mo have been
electrochemically formed from an aqueous trisodium nitrilotriacetate bath [40]. A considerable increase
in Mo content, i.e., up to 70 at.%, can be caused by the addition of Mo powder to the electrolyte [41].
In addition, it has been noted that Mo content in alloys composition can be increased by carrying out
the electrodeposition under the pulse current mode [42]. The highest Mo content, 74 at.%, achieved so
far by induced electrodeposition in aqueous citrate electrolyte was reported for a Ni-Mo alloy [43].

Therefore, based on the mentioned above, the given research was focused on the electrodeposition
of Ni-, Co- and Fe- Mo-rich alloys from a highly saturated ammonium acetate bath. The electrolyte’s
composition given in Reference [44] was adapted for the electrodeposition of binary Mo-containing
alloys. In order to determine the influence of the nature of the iron group metal on the catalytic
activity of target coatings (Ni-, Co- and Fe- Mo-rich alloys) the electrochemical conditions were tuned
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in such way to ensure deposition of alloys with similar content of Mo. The catalytic activity of the
electrochemically fabricated Mo-based alloy electrodes for the HER was explored in a 30 wt.% NaOH
solution. In order to compare the electrochemical activity with other typical electrode materials,
experiments were also performed using bare platinum electrode (same geometrical area) under the
same conditions.

2. Materials and Methods

2.1. Mo-Rich Alloys Electrodeposition

Mo-rich alloys, namely Ni-Mo, Co-Mo and Fe-Mo, were prepared from highly saturated
ammonium acetate electrolytes (Table 1) based on bath composition proposed in Reference [44] for
Mo films deposition. All solutions were prepared from chemicals of analytical grade (A.R.) dissolved
in demineralized water. The electrodeposition of coatings was carried out at 30 °C in order to lower
the viscosity of the concentrated solutions and to avoid salt precipitation. Cu rod (surface area of
1 cm?), platinum sheet (3 x 7 cm?) and a saturated Ag/AgCl electrode were used as a working,
counter and reference electrodes, respectively. Prior to the electrodeposition, Cu rods were washed and
cleaned in an ultrasonic bath for 6-7 min and etched in an HNO3:CH3COOH:H3PO; (1:1:1) solution at
60 °C. The thickness of the prepared Mo alloy coatings with iron group metals was calculated from
gravimetric and elemental analysis data. Further, the electrocatalytic activity for the HER in 30 wt.%
NaOH of fabricated cathodes has been investigated.

Table 1. Composition of electrolytes for Ni-Mo (Baths No. 1-3), Co-Mo (Bath No. 4) and Fe-Mo (Bath
No. 5) coatings electrodeposition.

Bath CH3CO,K CH3CO;NH; (NHg);MoO4 NiSO4:7HO CoSO4-7H,O FeSO4-7H,O  pH

1 0.001 M
2 0.002M - ~ 82
3 102M 104M 0.004 M 0.004 M

4 ~ 0.002 M

5 - 0.002M 8.3

2.2. Morphological and Structural Study

The surface morphology and chemical composition of the prepared Mo-based deposits were
examined with the scanning electron microscope (SEM, Hitachi TM3000, Tokyo, Japan) equipped with
an INCA energy dispersive X-ray spectroscopy detector (EDS, Oxford Instruments, Buckinghamshire,
UK) at an accelerating voltage of 20 kV, respectively. Based on the chemical composition of the obtained
alloys, the current efficiency (CE) was calculated according to the Faradays’ law:

Fm xn;  xmo Mo

E (%) = — _— 100% 1
CE(R) =Ty 3+ e X 100% )

where F is Faradays constant (96485 C); m is the weight of the electrodeposit (g); I is an applied
current (A); ¢ is the time of electrodeposition (s); x;, n;, M; is the content (wt.%), electrons transferred
per ion, and molecular weight (g/mol) of Ni, Co or Fe, respectively; xpo, Mo, Mo is the content,
wt.%, electrons transferred per particular ion, respectively; molecular weight of Mo.

The structure of the electrodeposited alloys was investigated by X-ray diffraction (XRD) methods
(Rigaku MiniFlex II, Tokyo, Japan). XRD patterns were produced with Cu K« radiation (1.5406 A) in
20 scanning mode from 20 to 100° with a step of 0.01°.
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2.3. Electrochemical Measurements

The voltammetric measurements for the evaluation of the kinetic parameters of Mo-rich alloys
for the HER were performed in a 30 wt.% NaOH solution at several temperatures (25-65 °C, with
the increment of 10 °C) in a thermostatic cell. A platinum wire was used as an auxiliary electrode
and a saturated Ag/AgCl electrode was used as the reference electrode. All potentials are given with
respect to the Ag/AgCl reference electrode. Potentiodynamic polarization hydrogen evolution curves
were recorded at the sweep rate of 2 mV/s. The cathode potential was scanned from its open circuit
potential (OCP) up to —1 V. Voltammetric curves were recorded using a potentiostat/galvanostat
AUTOLAB equipped with GPES software (version 4.9). Extrapolation of the polarization curves
obtained at different temperatures, in the coordinates 1gi — 1 to value n = 0 give the possibility to
determine the ECD (ip). The overvoltage, n, was calculated from the following equation:

n=E-E @

2.3RT

E=- =5

pH 3
where 11 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 (8.314472 J/K mol); T is the temperature (K); F is the Faraday constant
(96,485 J/mol).

For the calculation of overpotentials at temperatures other than 25 °C, the tabulated data [45] of
the temperature dependence of the potential of the saturated Ag/AgCl electrode vs. the hydrogen
electrode, were used.

3. Results and Discussion

3.1. Design of Mo-Rich Alloys Coatings

The high percentage of molybdenum in Mo-based alloy electrodeposits leads commonly to
the growth of the ECD value but also has a positive influence on their corrosion resistance and
microhardness [10]. On the other hand, the electrodeposition of coatings having a very high
molybdenum content (>38 at.% of Mo) is more sensitive to side reactions, namely the evolution
of hydrogen, which can lead to the appearance of a dense net of cracks, bumps and small pits that
diminish practical application of such coatings for the HER. Thus, the first step of the given research
was dedicated to the selection of the optimum electrochemical conditions (bath chemistry, applied
current density) in order to obtain high-quality Mo-rich alloys with a reasonable deposition rate.
The first investigated system was Ni-Mo (Table 1, Baths 1-3) since a high amount of publications have
reported [15,46,47] that the Ni-Mo alloy is the most promising non-noble catalysts for the HER among
other refractory metal-based electrodes.

Previously, it was shown that if the ratio [Ni(II)]:[Mo(VI)] is approaching 10, the amount of Mo in
the Ni-Mo deposit decreases dramatically from 65 to 20 at.% [48]. Therefore, in order to obtain Mo-rich
alloys, the ratio was kept at 0.25, 0.5, 1.0. Another parameter, which influences the refractory metal
content in the alloys is the applied current density. Based on a preliminary study, two cathodic current
densities, namely 30 and 100 mA/ cm?, have been chosen for electrodeposition of Mo-rich alloys.

Taking these parameters into account, the dependence of Mo content on the [Ni(II)]:[Mo(VI)] ratio
and the cathodic current density was evaluated (Table 2). Namely, as it was anticipated, the amount
of Mo in the alloys decreases from ~85 to 36 at.% as the Ni(Il) increased in the bath. Here it should
be mentioned, that only the content of the metallic phase was taken into account for the evaluation
regardless of the ambiguous values of oxygen and other light elements detected by the EDS analysis.
The highest content of molybdenum in the Ni-Mo deposits, around 85 at.%, was achieved at a
[Ni(II)]/[Mo(VI)] ratio equal to 0.25 in the plating bath. This Mo amount is significantly higher
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in comparison with previous works reported for Ni-Mo alloys obtained from aqueous electrolytes
and is close to that found for Ni-Mo alloys prepared by metallurgical [11] or mechanical alloying
techniques [49]. In order to reveal the interdependencies between bath chemistry and applied current
densities, partial current densities (PSD) for Nipcp, Mopcp reduction and hydrogen evolution were
also evaluated based on Faraday’s law (Table 2).

Table 2. Dependence of composition, morphology and partial current densities of electrodeposited
Ni-Mo alloys on the [Ni(II)]:[Mo(VI)] ratio and applied cathodic current density. Molybdenum at.%
content is specified on the SEM images.

[Ni(ID)]: Applied Cathodic 7, 30 mA/cm? Applied Cathodic 7, 100 mA/cm?
[Mo(VD)] z 2 T :
Ratio SEM ParFlal Cathgdlc SEM Pars:lal Cathgdlc
j, mAfem' j, mAfem

£ Mo - 35.-8-1

1 INi = 263 JNi = 12?;

Mo = L. Mo = 2.
Ju, =281 Jr, =965
05 jNi =03 _]‘Ni =06
’ Mo=12 Mo =21
jH, =28.5 jH, =97.3
@ ini = 0.02 i = 0.2

INi = O INi = 0.
02 : Mo =027 Mo =23
~ i, = 2971 in, =975

N

Namely, the increase of the [Ni(IT)]:[Mo(VI)] ratio increases the Nipcp and consequently Ni
content in the deposit the higher applied current density (overpotential) accelerates the reduction of
Ni(II) rather than Mo(VI) compounds. The side reaction is accelerated by a higher Mo content in the
alloy that leads to the propagation of large micro-cracks, especially for Ni-Mo alloys deposited at a
[Ni(I)]/[Mo(VI)] ratio < 0.5 and having more than 50 at.% of Mo. Our results are in a good agreement
with Reference [50], where it was shown that the cracks in the Ni-Mo alloys deposited from a citrate
solution have been tracked at a Mo content higher than ~30 at.% but from an ammonium-citrate
electrolyte [3] they appear even at lower Mo content (~21 at.%).

Hence, in order to obtain Mo-rich alloys without visible defects, the applied current density of
30 mA/cm? and a [Ni(l)]:[Mo(VI)] ratio of 0.5 should be viewed as the optimum conditions. This ratio
allows for a four times increase in the Mopcp in comparison with the ratio of 0.25. It suggests that the
electroactive complex should contain both molybdenum and nickel species. At the higher ratio (higher
Ni(IT) concentration), the Mopcp does not change significantly but the Mo content in the alloy decreases
(from 54 to 40 at.%). Notably, at a current density of 100 mA/ cm?, the Mopcp is practically the same for
all investigated [Ni(II):[Mo(VI)] ratios, suggesting that electroactive Mo-containing species under such
conditions reaches saturation and has no significant effect on alloy electrodeposition. Furthermore,
at a higher applied current density, an additional roughening due to the pronounced nodular structure
of the coatings is obtained, that can be interconnected with abundant hydrogen evolution, which leads
to cracks and holes on the surface (Table 2). On the one hand, in Reference [51], it was shown that the
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cracked surfaces are characterized by higher HER activity and ascribed to an increased surface area
of the active centers due to the microcracks but on the other hand, a certain amount of the hydrogen
enters the open pores (cracks) of the deposit and it starts peeling off around the pores. Hence, it is
obvious that the application of such coatings in the industrial processes is not recommendable [30].
Moreover, due to high PCDs for hydrogen reduction, the current efficiency in all investigated cases
is rather low (<10%). This is a common characteristic for Ni-Mo co-deposition [52] that is associated
with the formation of a mixed Mo oxides layer in the presence of an excess of Mo(VI) ions in the bath,
which hinders the further reduction.

Accordingly, based on the experimental results obtained for Ni-Mo alloys, the following optimal
conditions were adapted for electrodeposition of Co-Mo and Fe-Mo alloys: cathodic current density
30 mA/cm? and [Me(Il)/Mo(VI)] = 0.5. This allowed for the electrodeposition of Mo-rich coatings
(Co-52 at.% Mo and Fe-54 at.% Mo) coupled with suitable morphology (crack-free coatings with a less
rough globular surface) and to evaluate the influence of iron group metal on the catalytic activity for
HER in alkaline media. The obtained morphology of Mo-rich alloys was quite similar regardless of the
iron group metal (Figure 1).

n o R

Figure 1. SEM images of electrodeposited at 30 mA /cm? and [Me(IT)] /[MoO42~] = 0.5 coatings: Ni-Mo

(a), Co-Mo (b) and Fe-Mo (c). The time of electrolysis was 1 h and the thickness of all deposits was
~10 pm.

The structure and crystallite size was evaluated by XRD analysis. A characteristic broad peak
at 20 = 43°-44° was obtained for Ni-54 at.% Mo and is depicted in Figure 2a. According to the
thermodynamic equilibrium data, the solubility limit of Mo in the fcc Ni structure at room temperature
is ~17 at.%. When the Mo content exceeds this limit, an amorphous microstructure can be noticed
and the formation of intermetallic NigMo, NizMo, NiMo compounds becomes possible for Ni-Mo
alloys having >25 at.% of Mo [31,53]; a line with a solid solution of Ni in Mo. It is also known that the
broadening of the XRD peak is related to the refinement of crystallite size that typically occurs with an
increasing Mo content [31]. According to the literature, the mean crystallite size of Ni-Mo coatings
can decrease from 50 to 2 nm by increasing the Mo content from 1 to 38 at.%, respectively [35,37,54].
This corresponds to a crystallite size of the investigated Ni-Mo coatings as small as ~2 nm. Notably,
Ni-Mo deposits consisting of such small crystallites can have a lower overpotential for hydrogen
evolution due to the larger concentration of crystal lattice defects and dislocations, which are considered
as active centers for HER [12,19].
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Figure 2. XRD pattern for: (a) Ni-54 Mo, (b) Fe-54 Mo and (c) Co-52 Mo electrodeposits (composition
is given in at.%).

The XRD patterns for Fe-54 at.% Mo and Co-52 at.% Mo alloys showed the analogous crystalline
structure to the Ni-54 at.% Mo coating (Figure 2b,c). Since the presence of one broad peak in the
X-ray diffraction patterns makes it difficult to interpret the results, it can be only proposed that a
mixture of Mo solid solution in the iron group metal and corresponding intermetallic compounds were
formed. For the Fe-Mo (also Fe-W) system, the Mssbauer spectroscopy supports this presumption
and suggests that deposits having more than 17 at.% of refractory metal consists of a mixture of
molybdenum solid solution in «-Fe and intermetallic phases, e.g., FesMo, Fe;Mo [55,56]. In the case
of the Co-Mo alloy, some of the studies reported that a Mo solid solution in cobalt and intermetallic
CozMo is formed [36,57].

The different intermetallic phases should have an impact on their activity for the HER. It was
emphasized that the maximum electrocatalytic activity could be achieved for intermetallic phases
of highest symmetry and minimal entropy, such as Laves phases or A3B types (CozMo, NizMo,
FezMo) and the Brewer theory for intermetallic bonding predicts as the most stable systems [58]. Thus,
it was reported that films consisting of a CosMo phase (for Co-x at.% Mo, 18 < x < 28) have the
best electrocatalytic properties among other Co-Mo alloys having lower molybdenum contents [59].
Furthermore, in Reference [60], it was concluded that CozMo intermetallic compounds are more stable
in a hot alkaline solution than other Co-Mo phases. Similarly, in the case of the Fe-Mo alloy system,
the lowest overvoltage for hydrogen evolution at a current density of 200 mA /cm? has been observed
for the Fe—47 at.% Mo sample with a predominant Fe3Mo intermetallic compound phase [38].

3.2. Catalytic Behavior

The electrocatalytic activity for hydrogen evolution in 30 wt.% NaOH of Ni-Mo, Co-Mo and
Fe-Mo samples containing ~52-54 at.% of Mo in their composition was evaluated using a linear scan
voltammetry method that allows for the determination of the apparent exchange current densities.
Polarization curves and semi-logarithmic coordinates of all chosen systems obtained at 25 °C are
presented in Figure 3. In order to compare the catalytic behavior of Mo-rich Ni-, Co-, Fe-Mo coatings,
the cast Mo and Pt electrodes were used. Table 3 summarizes the calculated apparent exchange current
densities (ip), the overpotentials at a selected current density of 200 mA /cm? (ng2) and the current
densities obtained at an overpotential of 0.3 V (ip3); calculated Tafel slopes (bc).
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Figure 3. Cathodic polarization curves of (a) Mo-rich electrodeposits in 30 wt.% KOH at 25°C and
(b) plots in semi-logarithmic coordinates. The scan rate was 2 mV /s (composition is given in at.%).

Table 3. Calculated apparent exchange current densities (i), Tafel slopes (b.), overpotentials (n;) at
i=03 A/cm? and current densities (in) atn = —0.3 V for hydrogen evolution different electrodes
(composition is given in at.%).

Electrode
Parameter
Ni-54 Mo Co-52 Mo Fe-54 Mo Mo Pt
iy (MA/cm?) 0.62 1.90 023 2.90 x 10~° 2.63
be (mV /dec) 128 132 152 231 122
1 (V) 0.46 0.43 0.54 0.67 0.48

in (A/cm?) 9.1 x 1072 1.8 x 1071 9.3 x 1072 54 x 1074 82 % 1072

Binary Mo alloy cathodes possess 10° times higher apparent exchange current densities than
cast Mo, thus are more active for the HER. However, all alloys demonstrated lower apparent
exchange current densities for the HER at 25 °C in comparison with a bare Pt electrode. However, the
overpotentials required to obtain current densities of 300 mA /cm? and current densities at —0.3 V
for active bimetallic Mo alloys ware similar to those determined for Pt, making them competitive
electrodes for hydrogen production. Notably, as it was mentioned above, the nature of the iron group
metal affects the catalytic activity for the HER and the cathodic current density for the Co-52 at.%
Mo coating is higher in comparison to that of Ni-54 at.% and Fe-54 at.% Mo, thus indicating the best
catalytic performance among the synthesized electrodes, which is consistent with the lowest np 2 and
ip3 values.

It is well known that the lower Tafel slope implies a lower electrochemical electrode polarization
during the HER process, particularly at a high current density. The values of the Tafel slope for
Ni-54 at.% Mo and Co-52 at.% Mo deposits under high polarization conditions are 128 mV/s and
132 mV/dec, respectively. Meanwhile, the Tafel slope for Fe-54 at.% Mo under these conditions shifted
to more positive values, i.e., increased up to 152 mV/dec and it can be related to the higher iron
affinity to the air and the presence of a thin oxide film on the surface that is characterized by a lower
conductivity that impedes the electron transfer rate [15].

An improvement of catalytic activity for the HER with the operation temperature, as is desired
for practical industrial alkaline electrolysis has been reported [36,42]. Accordingly, in the present
study, the electrodeposited alloy electrodes were tested at temperatures ranging from 25 to 65 °C by
applying 10 °C increments. A general comparison of the performance of electrodeposited Ni-54 at.%
Mo, Fe-54 at.% Mo, Co-52 at.% Mo and cast separate metals in the temperature range 25-65 °C is
given in Figure 4. The apparent exchange current densities were calculated from the linear region
at low overpotential values and are presented in Table 4. As it was expected, the electrocatalytic
activity of Ni-54 at.% Mo, Fe-54 at.% Mo and Co-52 at.% Mo is significantly higher than cast Mo in
the whole tested temperature range. Moreover, the results suggest that at an elevated temperature
(>35 °C) Mo-rich alloys have a more prominent HER outperformance than Pt investigated in our
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laboratory. Although the HER activity, namely iy, was found to increase with temperature, the Tafel
slopes for the Mo-based alloys remained almost constant and varied in the range of 120-150 mV /dec.
This phenomenon has been discussed in terms of the entropic contribution towards free energy of
activation [61]. Among all investigated systems, the Co-52 at.% Mo electrode demonstrates the
best performance towards the HER, particularly at temperatures higher than 45 °C. These results
correspond well with findings published in Reference [62] where it was confirmed that Co-Mo
co-deposits are characterized by a higher catalytic activity and stability in alkaline water electrolysis
than Ni-Mo, Co-W and Ni-W alloy electrodes. Moreover, in Reference [63], it was shown that catalytic
activity depends on the metal-hydrogen bond strength and absorption sites in the alloy available to
hydrogen and thus the electrochemically charged H content decreases in the series of Co-Mo > Co-W
> Ni-Mo. Furthermore, comparing Co-Mo, Co-W and Ni-Mo electrodeposits, the thermal desorption
of hydrogen occurs at the lowest temperature on Co-Mo showing a faster recombination step of H
atoms possible on this alloy, thus improving its electrocatalytic performance [63].
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Figure 4. Effect of temperature on cathodic polarization curves at Ni-54 Mo (a), Fe-54 Mo (c), Co-52 Mo
(e) electrodeposits in 30 wt.% KOH at different temperatures and plots in semi-logarithmic coordinates
for Ni-54 Mo (b), Fe-54 Mo (d), Co-52 Mo (f) electrodes. The scan rate was 2 mV /s (composition is
given in at.%).
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Table 4. Experimental values of the apparent exchange current (ip, in mA /cm?) and Tafel slopes
(be, in mV/dec) for Ni-54 Mo, Co-52 Mo and Fe-54 Mo alloy electrodes at different temperatures
(composition is given in at.%).

Measurement temperature (°C)

Sample

25 35 45 55 65
io be io be io be io be iy b,
Ni-54 Mo 0.62 128 3.21 128 7.32 119 147 116 254 123
Fe-54 Mo 0.23 152 0.99 148 433 142 5.83 139 146 145
Co-52 Mo 1.90 132 9.53 130 17.1 128 32.0 121 462 119
Mo 201072 231 83x10°2 220 19x1071 220 21x10! 215 23x10°! 221
Pt 2.63 122 3.68 129 6.51 120 2.63 125 115 125

In many previous publications the Ni-Mo alloy coatings are characterized by a lower overpotential
value, as compared to the Co-Mo [14]. Though, there is also some information suggesting that Co-Mo
coatings have a better catalytic activity for the HER compared to Ni-Mo deposits [62,64]. At the first
glance, these controversial results could be attributed to the different alloy preparation techniques that
are capable of yielding an uneven composition, morphology and structure of the prepared samples
and thus, directly influence the catalytic properties of the samples. However, the clear tendency
between the nature of the iron group metal effect during alloying with Mo and catalytic behavior
also cannot be easily defined even for the Ni-Mo, Co-Mo and Fe-Mo cathodes fabricated using
the same electrodeposition technique (Table 5). As it can be seen, the exchange current densities,
even for alloys having a similar chemical composition, vary depending on the selected alkaline media
and temperature.

In general, the present study shows the catalytic activity for the Ni-Mo alloy is comparable to
previously reported samples under similar experimental conditions (Figure 5). Moreover, in the case
of the Co-Mo and Fe-Mo system, the apparent exchange current density calculated in our work is
significantly higher than it was expected from other authors observations (the corresponding columns
are not given in the figure due to a significantly lower value). This could be attributed to the more
concentrated alkaline media and higher temperature used in the present study.
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Figure 5. The comparison of apparent exchange current densities (iy) towards the HER on Mo alloys
with iron group metals determined in this study (*) with the published data. The experiments were
performed in NaOH at 60-65 °C. The composition of alloys is given in at.%.

Notably, the Fe-Mo coating demonstrates lower exchange current densities for the HER in an
alkaline environment among other electrodes investigated in this study. This may be related to the
higher iron affinity to the air by forming an oxide, hydroxide, or mixed film that physically separates
the metal surface from the electrolyte.
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Table 5. Comparison of the HER apparent exchange current density values, iy, extracted from the
published data for electrodeposited Ni-Mo, Co-Mo and Fe-Mo alloy electrodes.

Sample Mo content (at.%) Media ip (mA/cm?) Reference
26 8.25 M NaOH, 85 °C 444 [4]
20 6 M KOH; 80 °C 18.62 [5]
338 7M KOH, 25 °C 2.8 [19]
Ni-Mo - 7M KOH, 80°C 55.24 [29]
25 2M NaOH, 30 °C 3.1 x 1072 [32]
20.8 11 M NaOH; 80 °C 24 [42]
29.8 1M NaOH, 30 °C 1.1 [65]
27.5 1M KOH 3.18 x 1072 [66]
75 6 M KOH; 70 °C 7.3 [671
NiMo-modified Ni foam 25 0.1 M NaOH, 25 °C 41 %1072 [28]
Ni + Mo composite 44 5M KOH; 25 °C 1.0 [68]
Ni-Mo-rGO 30.8 1M KOH; 25 °C 431 % 1073 [69]
Ni-Mo 10.4 7M KOH, 25°C 2.6 x 1072 2]

Co-Mo 214 23 % 1072

40.9 1M NaOH 15 [33]
CoMo 32 0.5 M NaOH; 60 °C 691072 [36]
25 1M NaOH, 25°C 0.13 [59]
19 1M KOH, 25 °C 0.36 [70]
33 1M NaOH, 30 °C 5.0 x 102 [71]
Fe-Mo 59.3 1M NaOH, 25 °C 24 x 1073 [39]

In order to obtain a more complete picture of electrocatalytic behavior for the HER,
the corresponding E, values for all tested systems have been calculated considering the linear
dependence Ig(ip) = f(1/T) using Arrhenius equation:

Ea= _2.3031{(;9((;;;/1%)) 4)
where E, is the activation energy (J/mol), ip—apparent exchange current density, T—temperature (K).
Figure 6 shows the Arrhenius plots for the as-deposited Ni-54 at.% Mo, Co-52 at.% Mo and
Fe-54 at.% Mo electrodes. From the slope of these plots E, values of 36.6, 32.5 and 27.9 k] /mol for
Fe-Mo, Ni-Mo and Co-Mo electrodes were determined, respectively. It is known that the lower the
E, value is, the lower the energy requirements for hydrogen production. Thus, it is obvious that the
charge transfer rate is favored by Co-52 at.% Mo alloys electrodeposition, since this electrode showed
slightly lower activation energy than that of the Ni-54 at.% Mo and Fe-54 at.% Mo coatings.

Co-52Mo

5—2.4-

<

>

&30 Ni-54Mo

3.6} Fe-54Mo  °§
29 30 31 32 33 34

1T x10°,K*

Figure 6. Arrhenius plots for Ni-54 Mo, Co-52 Mo and Fe-54 Mo electrocatalysts (composition is given
in at.%).
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4. Conclusions

The electrodeposition of Mo-rich (36-82 at.%) alloys with iron group metals (Ni, Co, Fe) from
highly saturated ammonium acetate aqueous electrolytes is reported. The composition was
affected by the [Ni(II)]/[Mo(VI)] ratio in the plating bath and cathodic current density.

The electro-catalytic activity towards cathodic hydrogen evolution in 30 wt.% NaOH solution
in the temperature range of 25-65 °C on the electrodeposited Ni-54 at.% Mo, Co-52 at.% Mo,
Fe-54 at.% Mo and Co-52 at.% Mo alloy coatings characterized by amorphous-like structure has
been investigated.

Bimetallic Mo-based alloys are considered as more active for the HER in comparison with the
cast Mo and Pt since they demonstrate higher apparent exchange current densities in the tested
temperature range. The apparent exchange current density of hydrogen for Co-52 at.% Mo
deposits were considerably higher than those for Ni-54 at.% Mo and Fe-54 at.% Mo alloy coatings
and this can be attributed to the formation of stable intermetallic Co3Mo phase which ensures
optimal Co and Mo distribution over the surface and produces larger active sites for the HER.
The calculated activation energy values suggest that the Mo alloy coating with iron group metals
shows promising electrocatalytic activity for the HER and among all investigated samples, the
Co-52 at.% Mo electrode is characterized by a lower activation energy (27.9 k]/mol) than the
Ni-54 at.% Mo (32.5 k] /mol) and Fe-54 at.% Mo (36.6 k] /mol) coatings.

Author Contributions: Investigation, E.V. and O.B.; Methodology, E.V. and O.B.; Supervision, H.C. and N.T.;
Visualization, E.V.; Writing-Original Draft Preparation, E.V.; Writing-Review & Editing, E.V,, H.C. and N.T.

Funding: This research has received funding from Horizon 2020 research and innovation program under
MSCA-RISE-2017 (No. 778357) and from Research Lithuanian Council project (No 09.3.3-LMT-K-712-08-0003).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

Studer, S.; Stucki, S.; Speight, ].D. Hydrogen as a Fuel. In Hydrogen as a Future Energy Carrier; Zttel, A,
Borgschulte, A., Schlapbach, L., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2008;
pp. 23-69.

Sheng, W.; Gasteiger, H.A.; Shao-Horn, Y. Hydrogen oxidation and evolution reaction kinetics on platinum:
Acid vs alkaline electrolytes. J. Electrochem. Soc. 2010, 157, B1529-B1536. [CrossRef]

Halim, J.; Abdel-Karim, R.; El-Raghy, S.; Nabil, M.; Waheed, A. Electrodeposition and characterization of
nanocrystalline Ni-Mo catalysts for hydrogen production. J. Nanomater. 2012, 2012, 845673. [CrossRef]
Aaboubi, O. Hydrogen evolution activity of Ni-Mo coating electrodeposited under magnetic field control.
Int. . Hydrogen Energy 2011, 36, 4702—4709. [CrossRef]

Raj, I.A.; Venkatesan, V.K. Characterization of nickel-molybdenum and nickel-molybdenume-iron alloy
coatings as cathodes for alkaline water electrolysers. Int. |. Hydrogen Energy 1988, 13, 215-223.

Kapoor, G.; Huang, Y,; Sarma, V.S.; Langdon, T.G.; Gubicza, J. Influence of Mo alloying on the thermal
stability and hardness of ultrafine-grained Ni processed by high-pressure torsion. J. Mater. Res. Technol. 2017,
6,361-368. [CrossRef]

Feng, C,; Qian, W,; Liu, J.; Han, S.; Fu, N.; Ye, F; Lin, H.; Jiang, J. Effect of ultrasonication on Ni-Mo coatings
produced by DC electroformation. RSC Adv. 2016, 6, 30652-30660. [CrossRef]

Laszczynska, A.; Tylus, W.; Winiarski, J.; Szczygiet, I. Evolution of corrosion resistance and passive film
properties of Ni-Mo alloy coatings during exposure to 0.5 M NaCl solution. Surf. Coat. Technol. 2017,
317,26-37. [CrossRef]

Chassaing, E.; Portail, N.; Levy, A.-F; Wang, G. Characterisation of electrodeposited nanocrystalline Ni-Mo
alloys. J. Appl. Electrochem. 2004, 34, 1085-1091. [CrossRef]

Huang, P-C.; Hou, K.-H.; Wang, G.-L.; Chen, M.-L.; Wang, J.-R. Corrosion resistance of the Ni-Mo alloy
coatings related to coating’s electroplating parameters. Int. . Electrochem. Sci. 2015, 10, 4972-4984.

114



Coatings 2019, 9, 85

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Jaksi¢, ].M.; Vojnovi¢, M.V.; Krstaji¢, N.V. Kinetic analysis of hydrogen evolution at Ni-Mo alloy electrodes.
Electrochim. Acta 2000, 45, 4151-4158. [CrossRef]

Xu, C.; Zhou, J.; Zeng, M.; Fu, X.; Liu, X.; Li, J. Electrodeposition mechanism and characterization of
Ni-Mo alloy and its electrocatalytic performance for hydrogen evolution. Int. ]. Hydrogen Energy 2016,
41,13341-13349. [CrossRef]

Mech, K.; Zabinski, P; Mucha, M.; Kowalik, R. Electrodeposition of catalytically active Ni-Mo
alloys/elektroosadzanie aktywnych katalitycznie stopow Ni-Mo. Arch. Metall. Mater. 2013, 58, 227-229.
[CrossRef]

Jeremiasse, A.W.; Bergsma, J.; Kleijn, ] M.; Saakes, M.; Buisman, C.J.N.; Cohen Stuart, M.; Hamelers, H.V.M.
Performance of metal alloys as hydrogen evolution reaction catalysts in a microbial electrolysis cell. Int. J.
Hydrogen Energy 2011, 36, 10482-10489. [CrossRef]

Navarro-Flores, E.; Chong, Z.; Omanovic, S. Characterization of Ni, NiMo, NiW and NiFe electroactive
coatings as electrocatalysts for hydrogen evolution in an acidic medium. J. Mol. Catal. A Chem. 2005,
226,179-197. [CrossRef]

Manazoglu, M.; Hapgi, G.; Orhan, G. Electrochemical deposition and characterization of Ni-Mo alloys as
cathode for alkaline water electrolysis. J. Mater. Eng. Perform. 2016, 25, 130-137. [CrossRef]

Martinez, S.; Metikos-Hukovié¢, M.; Valek, L. Electrocatalytic properties of electrodeposited Ni-15Mo
cathodes for the HER in acid solutions: Synergistic electronic effect. J. Mol. Catal. A Chem. 2006, 245,
114-121. [CrossRef]

Lu, G.; Evans, P; Zangari, G. Electrocatalytic properties of Ni-based alloys toward hydrogen evolution
reaction in acid media. J. Electrochem. Soc. 2003, 150, A551-A557. [CrossRef]

Huang, L.; Yang, F; Xu, S.; Zhou, S. Studies of structure and electrocatalytic hydrogen evolution on
electrodeposited nanocrystalline Ni-Mo alloy electrodes. Trans. IMF 2001, 79, 136-139. [CrossRef]
Kedzierzawski, P.; Oleszak, D.; Janik-Czachor, M. Hydrogen evolution on hot and cold consolidated Ni-Mo
alloys produced by mechanical alloying. Mater. Sci. Eng. A 2001, 300, 105-112. [CrossRef]

Gonzélez, G.; Sagarzazu, A.; Villalba, R.; Ochoa, J. Comparative study of NiW, NiMo and MoW prepared by
mechanical alloying. J. Alloys Compd. 2007, 434—435, 525-529. [CrossRef]

Schulz, R.; Huot, ].Y.; Trudeau, M.L.; Dignard-Bailey, L.; Yan, Z.H.; Jin, S.; Lamarre, A.; Ghali, E.; Van Neste, A.
Nanocrystalline Ni-Mo alloys and their application in electrocatalysis. ]. Mater. Res. 1994, 9, 2998-3008.
[CrossRef]

Yang, C.; Muréansky, O.; Zhu, H.; Thorogood, G.J.; Huang, H.; Zhou, X. On the origin of strengthening
mechanisms in Ni-Mo alloys prepared via powder metallurgy. Mater. Des. 2017, 113, 223-231. [CrossRef]
Bhattacharjee, P.P.; Ray, RK.; Upadhyaya, A. Development of cube texture in pure Ni, Ni-W and Ni-Mo
alloys prepared by the powder metallurgy route. Scripta Materialia 2005, 53, 1477-1481. [CrossRef]

Tang, X.; Xiao, L.; Yang, C.; Lu, J.; Zhuang, L. Noble fabrication of Ni-Mo cathode for alkaline water
electrolysis and alkaline polymer electrolyte water electrolysis. Int. |. Hydrogen Energy 2014, 39, 3055-3060.
[CrossRef]

Li, X;; Liu, Z.; Wang, Y. Microstructure and corrosion properties of laser cladding MoNi based alloy coatings.
Sci. China Technol. Sci. 2014, 57, 980-989. [CrossRef]

Aaboubi, O.; Chopart, J.-P. Magnetic field effect on molybdenum based alloys electrodeposition. ECS Trans.
2010, 25, 27-34.

Mikolajczyk, T.; Pierozynski, B. Influence of electrodeposited Ni-Mo alloy on hydrogen evolution reaction at
nickel foam cathode. Int. J. Electrochem. Sc. 2018, 13, 621-630. [CrossRef]

Gonzélez-Buch, C.; Herraiz-Cardona, I.; Ortega, E.M.; Garcia-Anton, J.; Pérez-Herranz, V. Development of
Ni-Mo, Ni-W and Ni-Co macroporous materials for hydrogen evolution reaction. Chem. Eng. Trans. 2013,
32, 865-870.

Krstajic, N.V.; Jovic, V.D.; Gajic-krstajic, L.; Jovic, B.M.; Antozzi, A.L.; Martelli, G.N. Electrodeposition of
Ni-Mo alloy coatings and their characterization as cathodes for hydrogen evolution in sodium hydroxide
solution. Int. |. Hydrogen Energy 2008, 33, 3676-3687. [CrossRef]

Donten, M.; Cesiulis, H.; Stojek, Z. Electrodeposition of amorphous/nanocrystalline and polycrystalline
Ni-Mo alloys from pyrophosphate baths. Electrochim. Acta 2005, 50, 1405-1412. [CrossRef]

Gennero de Chialvo, M.R.; Chialvo, A.C. Hydrogen evolution reaction on smooth Ni(1—x) + Mo(x) alloys
(0 < x <0.25). ]. Electroanal. Chem. 1998, 448, 87-93. [CrossRef]

115



Coatings 2019, 9, 85

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kuznetsov, V.V, Kalinkina, A.A.; Pshenichkina, T.V.; Balabaev, V.V. Electrocatalytic properties of
cobalt-molybdenum alloy deposits in the hydrogen evolution reaction. Russ. ]. Electrochem. 2008,
44,1350-1358. [CrossRef]

Podlaha, E.J.; Landolt, D. Induced codeposition: 1. An experimental investigation of Ni-Mo alloys.
J. Electrochem. Soc. 1996, 143, 885-892. [CrossRef]

Bigos, A.; Beltowska-Lehman, E.; Kot, M. Studies on electrochemical deposition and physicochemical
properties of nanocrystalline Ni-Mo alloys. Surf. Coat. Technol. 2017, 317, 103-109. [CrossRef]

Casciano, P.N.S.; Benevides, R.L.; Santana, R.A.C.; Correia, A.N.; de Lima-Neto, P. Factorial design in the
electrodeposition of Co-Mo coatings and their evaluations for hydrogen evolution reaction. J. Alloys Compd.
2017, 723, 164-171. [CrossRef]

Allahyarzadeh, M.H.; Roozbehani, B.; Ashrafi, A.; Shadizadeh, S.R.; Kheradmand, E. Electrochemically
deposition of high Mo content amorphous/nanocrystalline Ni-Mo using ionic liquids as additive. ECS Trans.
2012, 41, 11-28.

Elezovi¢, N.; Grgur, N.B.; Krstaji¢, N.V,; Jovi¢, V.D. Electrodeposition and characterization of Fe-Mo alloys as
cathodes for hydrogen evolution in the process of chlorate production. J. Serb. Chem. Soc. 2005, 70, 879-889.
Elezovi¢, N.R.; Jovi¢, V.D.; Krstaji¢, N.V. Kinetics of the hydrogen evolution reaction on Fe-Mo film deposited
on mild steel support in alkaline solution. Electrochim. Acta 2005, 50, 5594-5601. [CrossRef]

Barbano, E.P,; de Carvalho, M.E;; Carlos, L. A. Electrodeposition and characterization of binary Fe-Mo alloys
from trisodium nitrilotriacetate bath. J. Electroanal. Chem. 2016, 775, 146-156. [CrossRef]

Niedbata, J. Production of Ni — Mo + Mo composite coatings with increased content of embeded Mo.
Arch. Mater. Sci. 2006, 27, 121-127.

Han, Q.; Cui, S.; Pu, N.; Chen, J.; Liu, K.; Wei, X. A study on pulse plating amorphous Ni-Mo alloy coating
used as HER cathode in alkaline medium. Int. J. Hydrogen Energy 2010, 35, 5194-5201. [CrossRef]

Sun, S.; Podlaha, E.J. Electrodeposition of Mo-Rich, MoNi alloys from an aqueous electrolyte.
. Electrochem. Soc. 2012, 159, D97-D102. [CrossRef]

Morley, T.J.; Penner, L.; Schaffer, P.; Ruth, T.J.; Bénard, F.; Asselin, E. The deposition of smooth metallic
molybdenum from aqueous electrolytes containing molybdate ions. Electrochem. Commun. 2012, 15, 78-80.
[CrossRef]

Kahlert, H. Reference electrodes. In Electroanalytical Methods, 2nd ed.; Scholz, F., Ed.; Springer:
Berlin/Heidelberg, Germany, 2010; pp. 291-308.

Fosdick, S.E.; Berglund, S.P.; Mullins, C.B.; Crooks, R.M. Evaluating electrocatalysts for the hydrogen
evolution reaction using bipolar electrode arrays: Bi- and trimetallic combinations of Co, Fe, Ni, Mo, and W.
ACS Catal. 2014, 4, 1332-1339. [CrossRef]

Raj, LA.; Vasu, K.I. Transition metal-based hydrogen electrodes in alkaline solution? electrocatalysis on
nickel based binary alloy coatings. J. Appl. Electrochem. 1990, 20, 32-38. [CrossRef]

Sanches, L.S.; Domingues, S.H.; Marino, C.E.B.; Mascaro, L.H. Characterisation of electrochemically
deposited Ni-Mo alloy coatings. Electrochem. Commun. 2004, 6, 543-548. [CrossRef]

Rodriguez-Valdez, L.; Estrada-Guel, I.; Almeraya-Calderon, F.; Neri-Flores, M.A.; Martinez-Villafane, A_;
Martinez-Sanchez, R. Electrochemical performance of hydrogen evolution reaction of Ni-Mo electrodes
obtained by mechanical alloying. Int. J. Hydrogen Energy 2004, 29, 1141-1145. [CrossRef]
Beltowska-Lehman, E. Kinetics of induced electrodeposition of alloys containing Mo from citrate solutions.
Phys. Status Solidi C 2008, 5, 3514-3517. [CrossRef]

Benaicha, M.; Allam, M.; Dakhouche, A.; Hamla, M. Electrodeposition and characterization of W-rich NiW
alloys from citrate electrolyte. Int. J. Electrochem. Sci. 2016, 11, 7605-7620. [CrossRef]

Bigos, A.; Beltowska-Lehman, E.; Kania, B.; Szczerba, M. Ni-Mo alloys electrodeposited under direct current
from citrate-ammonia plating bath. Inzynieria Materiatowa. 2013, 34, 135-139.

Costovici, S.; Manea, A.-C.; Visan, T.; Anicai, L. Investigation of Ni-Mo and Co-Mo alloys electrodeposition
involving choline chloride based ionic liquids. Electrochim. Acta 2016, 207, 97-111. [CrossRef]

Karolus, M.; Lagiewka, E. Crystallite size and lattice strain in nanocrystalline Ni-Mo alloys studied by
Rietveld refinement. J. Alloys Compd. 2004, 367, 235-238. [CrossRef]

Kuznetsov, V.V,; Golyanin, K.E.; Ladygina, Y.S.; Pshenichkina, T.V.,; Lyakhov, B.F; Pokholok, K.V.
Electrodeposition of iron-molybdenum alloy from ammonium-—citrate solutions and properties of produced
materials. Russ. . Electrochem. 2015, 51, 748-757. [CrossRef]

116



Coatings 2019, 9, 85

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Nicolenco, A.; Tsyntsaru, N.; Fornell, J.; Pellicer, E.; Reklaitis, J.; Baltrunas, D.; Cesiulis, H.; Sort, ]. Mapping
of magnetic and mechanical properties of Fe-W alloys electrodeposited from Fe(III)-based glycolate-citrate
bath. Mater. Des. 2018, 139, 429-438. [CrossRef]

Kinh, V.Q.; Chassaing, E.; Saurat, M. Electroplating of crack-free corrosion resistant Co-Mo alloy coatings.
Electrodepos. Surf. Treat. 1975, 3, 205-212. [CrossRef]

Jaksi¢, M.M. Advances in electrocatalysis for hydrogen evolution in the light of the Brewer-Engel
valence-bond theory. ]. Mol. Catal. 1986, 38, 161-202. [CrossRef]

Zhou, Q.F; Lu, LY,; Yu, LN,; Xu, X.G,; Jiang, Y. Multifunctional Co-Mo films fabricated by electrochemical
deposition. Electrochim. Acta 2013, 106, 258-263. [CrossRef]

Lee, C.R.; Kang, S.G. Electrochemical stability of Co-Mo intermetallic compound electrodes for hydrogen
oxidation reaction in hot KOH solution. J. Power Sources 2000, 87, 64—68. [CrossRef]

Conway, B.E.; Tessier, D.F.; Wilkinson, D.P. Temperature dependence of the Tafel slope and electrochemical
barrier symmetry factor. J. Electrochem. Soc. 1989, 136, 2486-2493. [CrossRef]

Fan, C; Piron, D.L.; Sleb, A.; Paradis, P. Study of electrodeposited nickel-molybdenum, nickel-tungsten,
cobalt-molybdenum, and cobalt-tungsten as hydrogen electrodes in alkaline water electrolysis.
J. Electrochem. Soc. 1994, 141, 382-387. [CrossRef]

Lupu, D.; Mérginean, P.; Biris, A.R. Hydrogen in some synergetic electrocatalysts. ]. Alloys Compd. 1996,
245,146-152. [CrossRef]

Dominguez-Crespo, M.A.; Plata-Torres, M.; Torres-Huerta, A.M.; Arce-Estrada, E.M.; Hallen-Loépez, ] M.
Kinetic study of hydrogen evolution reaction on Nizyg Moyg, CozpMoyzg, CozgNizy and Coq9NipMoyy alloy
electrodes. Mater. Charact. 2005, 55, 83-91. [CrossRef]

Manazoglu, M.; Hapgi, G.; Orhan, G. Effect of electrolysis parameters of Ni-Mo alloy on the electrocatalytic
activity for hydrogen evaluation and their stability in alkali medium. J. Appl. Electrochem. 2016, 46, 191-204.
[CrossRef]

Shetty, S.; Mohamed Jaffer Sadiq, M.; Bhat, D.K.; Hegde, A.C. Electrodeposition and characterization of
Ni-Mo alloy as an electrocatalyst for alkaline water electrolysis. ]. Electroanal. Chem. 2017, 796, 57-65.
[CrossRef]

Tasic, G.S.; Maslovara, S.P.; Zugic, D.L.; Maksic, A.D.; Marceta Kaninski, M.P. Characterization of the Ni-Mo
catalyst formed in situ during hydrogen generation from alkaline water electrolysis. Int. ]. Hydrogen Energy
2011, 36, 11588-11595. [CrossRef]

Panek, J.; Budniok, A. Ni + Mo composite coatings for hydrogen evolution reaction. Surf. Interface Anal.
2008, 40, 237-241. [CrossRef]

Shetty, S.; Sadiq, M.M.].; Bhat, D.K.; Hegde, A.C. Electrodeposition of Ni-Mo-rGO composite electrodes for
efficient hydrogen production in an alkaline medium. New J. Chem. 2018, 42, 4661-4669. [CrossRef]
Kublanovsky, V.S.; Yapontseva, Y.S. Electrocatalytic properties of Co-Mo alloys electrodeposited from a
citrate-pyrophosphate electrolyte. Electrocatalysis 2014, 5, 372-378. [CrossRef]

Subramania, A.; Sathiyapriya, A.; Muralidharan, V. Electrocatalytic cobalt-molybdenum alloy deposits. Int. J.
Hydrogen Energy 2007, 32, 2843-2847. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

117



Article 111

Electrodeposited Co-W alloys and their prospects as effective anode for
methanol oxidation in acidic media

E.Vernickaite, N. Tsyntsaru, H. Cesiulis
Surface & Coatings Technology 307 (2016) 1322-1328

118



Surface & Coatings Technology 307 (2016) 1322-1328

Contents lists available at ScienceDirect

Surface & Coatings Technology

journal homepage: www.elsevier.com/locate/surfcoat

Electrodeposited Co-W alloys and their prospects as effective anode for
methanol oxidation in acidic media

@ CrossMark

E. Vernickaite 2, N. Tsyntsaru *°, H. Cesiulis **

2 Vilnius University, Dept. Phys. Chem., Naugarduko str. 24, Vilnius, Lithuania
b Institute of Applied Physics of ASM, Academiei str. 5, Chisinau, Republic of Moldova

ARTICLE INFO ABSTRACT

Article history:

Received 31 March 2016

Revised 15 July 2016

Accepted in revised form 16 July 2016
Available online 18 July 2016

Electrodeposited Co-W alloys having different composition and structure were tested as anodes for methanol
electrooxidation. The structure of electrodeposited Co-W alloys having various tungsten content is either nano-
crystalline (3 and 18 at.% of W) or “amorphous-like” (30 at.% of W). The electrodeposition was performed on the
stainless steel substrate from citrate-borate bath at 60 °C and a cathodic current density 10 mA-cm ™~ 2 Alloys hav-
ing different compositions were obtained by varying pH from 5 to 8. A well-defined crystalline structure was in-
dicated for Co-W having 3 at.% and 18 at.% of W: these deposits have a hexagonal close packed (hpc) structure
typical for electrodeposited pure Co. The high content of W in the alloy (~30 at.%) leads to the formation of nano-
crystalline structure (“amorphous-like”). The electrocatalytic activity of prepared Co-W alloys was examined by

Keywords:
Electrodeposition
Cobalt-tungsten alloys

Anode means of cyclic voltammetry in the mixture of 1 M CH;0H and 0.1 M H,SO4. The electrooxidation of methanol
Methanol electrooxidation depends on the content of W in the alloy. It was found that the crystalline Co-3 W and Co-18 W alloys are inactive
Annealing for methanol oxidation, and the electrochemical alloys dissolution occurs in the tested media. Whereas, the high

content of W (~30 at.%) in the Co-W coating prevents the continuous Co-W alloy dissolution and it might be used
as anode for the methanol oxidation in the acidic media. The annealing of Co-W deposits was performed at 600 °C
for 1 hin the air and formation of Co304 and CoWO,4 compounds with simultaneous decrease of tungsten content
in the alloys were detected. The annealed Co-W coatings show lower activity toward methanol electroxidation

compared to as-deposited Co-30 at.% W.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells based on methanol oxidation reaction (MOR) could re-
place combustion engines for a variety of applications due to their
easy transportation, handling, storage, low operating temperatures
and higher energy density compared to the hydrogen [1-3]. Methanol
oxidation has been extensively investigated since the early 1970's and
a multistep oxidation mechanism was determined involving O—H
bond scission in methanol followed by sequential dehydrogenation to
CH,0, then to CO or CO, [4]. The resulted products of oxidation (CO,,
HCHO, HCOOH and HCOOCH3) depend on methanol concentration,
temperature, electrode roughness and time of electrolysis. Platinum is
the most common catalyst for methanol oxidation, but it is very sensi-
tive to the reaction intermediates such as CO as it poisoning losses cat-
alyst activity [5]. It was found that in the acidic media platinum exhibits
the higher catalytic activity for the oxidation of methanol and it is more

* Corresponding author.
E-mail address: henrikas.cesiulis@chf.vu.lt (H. Cesiulis).

http://dx.doi.org/10.1016/j.surfcoat.2016.07.049
0257-8972/© 2016 Elsevier B.V. All rights reserved.

resistant toward poisoning by CO, so usually perchloric and sulfuric
acids are commonly used as the supporting electrolytes for studies of
methanol electrooxidation [6]. The interest in investigation of methanol
oxidation on platinum electrodes in alkaline media is lower due to its
progressive carbonation by CO, [7]. Accordingly, the acidic electrolytes
are generally preferred for practical application. Nevertheless, the
price of pure platinum is relatively high and the search of more active
and less expensive catalysts with great stability for the methanol oxida-
tion reaction has resulted in the development of new binary and ternary
catalysts based on modifications of Pt with some other metal [4,8].
Therefore, a number of other materials have been investigated for
their suitability as methanol oxidation catalysts, including TiO, [9] and
Cu(111) [10]. Meanwhile, as the small price of electrodes for methanol
fuel cells has been still a key factor, only a few studies have been made
to investigate electrodeposited alloys as anode materials for possible ap-
plication in methanol oxidation reaction. Relatively cheap electrodepo-
sition technique offers the possibility to prepare alloy coatings with easy
control of their composition, thickness and homogeneity of the surface.
In [11] the electro-catalytic activity of electrodeposited Pt-Ni alloy
layers on an inert substrate (Au) electrode for methanol oxidation
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reaction was investigated. It was shown that the onset of
electrooxidation shifted to less anodic potential values (approximately
by 160 mV vs Hg/Hg,S0, electrode), while also the current density
values obtained for Pt-Ni alloy surfaces were higher for 15 times than
those of pure Pt. In [12] it was demonstrated that the anodic current
peak, a measure of oxidation reaction rate of methanol, is considerably
higher using the electrochemically prepared Fe-W alloy in comparison
with pure Fe. In addition, the electrodeposited Co-W alloy was present-
ed as a promising anodic catalyst for direct methanol fuel cells [13]. Par-
tially amorphous structure Co-W alloys with W content <10 wt.% in the
composition exhibited good corrosion resistance and catalytic activity
in highly corrosive media such as H,SO4 and KOH. It is well known
that W alloys with iron group metals, especially Co-W, have drawn
much more attention because of their unusual mechanical, tribological,
magnetic and anti-corrosion properties toward acidic and alkaline
media and ability to improve catalytic properties of alkaline water elec-
trolysis [14,15]. Heat treatment of the electrodeposited Co-W alloys en-
hances their corrosion resistance and it is attributed to the formation of
stoichiometric compounds, surface oxides and the precipitation of sta-
ble phases in the microcracks [16]. Moreover, they are considered as en-
vironmentally safe alloys and can be easily prepared by simple and
effective electrodeposition technique.

Considering the great performance of W alloys for methanol oxida-
tion, the aim of this study was the electrochemical preparation and
characterization of optimal composition of Co-W alloys electrodeposit-
ed from ammonia-free bath and possibilities to apply these alloys for
methanol electrooxidation reaction in the acidic solution.

2. Materials and methods

Co-W deposits were electrodeposited onto stainless steel (type 304)
substrates from citrate-borate electrolyte at different pH under galvano-
static mode at 10 mA-cm™2. The plating bath consisted of (mol-L™"):
CoS04-7H,0-0.2, Na;WO0,-2H,0-0.2, CgHg0,-0.04, H3BO5-0.65,
Na;CgHs07-0.25. The pH of solutions was adjusted to 5.0, 6.7 and 8 +
0.1 by concentrated H,SO,4 and NaOH solutions. The electrolyte temper-
ature was maintained at 60 + 2 °C by means of a water bath. The thick-
ness of the deposits was calculated from gravimetric and elemental
analysis data and in all cases was ~10 pm.

Electrodeposition was performed in a standard three-electrode cell.
A platinum mesh was used as a counter electrode, and saturated Ag/
AgCl acted as a reference electrode. All electrode potentials in this
paper are presented with respect to the saturated Ag/AgCl electrode. Be-
fore the electrodeposition, the stainless steel substrates were washed
with detergent and rinsed in the ultrasonic bath with water and then
with acetone to remove any contaminants from the surface. In order
to improve the adhesion of alloys to the substrates, a nickel seed layer
was electrodeposited from an electrolyte containing 1 M NiCl, and
2.2 M H(l, at a cathodic current density of 10 mA-cm ™2 for 1 min. Co-
W alloy coatings were annealed in air atmosphere in a tube furnace at
600 °C under for 1 h.

The morphology and chemical composition of the coatings was
examined by scanning electron microscope (SEM) using Hitachi
TM3000 equipment complemented with an energy dispersive X-
ray spectroscopy (EDS) analyzer for elemental analysis. The struc-
ture of the alloys was studied by X-ray diffraction method using
Rigaku MiniFlex II diffractometer with Cu Ko radiation in the 20
range from 30 to 100°.

Cyclic voltammetry measurements were performed using program-
mable potentiostat/galvanostat (Autolab N302). Experiments were per-
formed in the potential range from — 0.2 t0 2.0 Vin 0.1 M H,SO4 + 1 M
CH30H solution at room temperature at the scan rate 10 mV s~ '. A plat-
inum rode was used as a counter electrode and Ag/AgCl was used as a
reference electrode. All potentials were measured and presented also
against saturated Ag/AgCl electrode.

3. Results and discussions

3.1. Composition, surface morphology and structure of electrodeposited Co-
W alloys

In this study the Co-W alloys coatings were electrodeposited from
citrate electrolyte. The composition of Co-W alloys from this electrolyte
could be varied in a wide range by changing the pH only, because the
electrochemical reactions in the given complex system are dependent
on a number of Co(II) and W(VI) complexes with citrates and their dis-
tribution strongly depends on pH [14,17-20]. Thus, tungsten content is
low (<8 at.%) in Co-W alloys electrodeposited at pH 5, increases from 13
to up to 30 at.% with increasing current density at pH 6.7; whereas at
pH 8, the amount of tungsten in the Co-W coatings varies only from
30 to 36 at.%. Thereby, in order to reveal the influence of Co-W alloys
composition on their effective use as anode in methanol
electrooxidation reaction, there were three marginal cases investigated
having different tungsten content (see Table 1), namely Co-3 at.% W
(case 1, pH 5), Co-18 at.% W (case 2, pH 6.7), and Co-30 at.% W (case
3, pH 8). The coatings were obtained at the same current density of
10 mA-cm~2 and 60 °C.

Anodic oxidation of methanol is heterogeneous reaction; therefore it
is very important to investigate the microstructure and morphology of
the surface of anode material. SEM images of as-deposited Co-W coat-
ings are shown in Fig. 1. Obviously, even a small amount of W in the
coating considerably changes the surface morphology. A needle-like
structure with extended acicular crystallites that is typical for electrode-
posited pure cobalt coating (Fig. 1a) is eliminated after an introduction
of tungsten into the alloy. Co-W deposit having ~3 at.% of tungsten con-
sists of densely packed polyhedral crystallites with pronounced grain
boundaries (Fig. 1b). An increase in W percentage up to 18 at.% does
not considerably affect the shape of the crystallites, but results in an in-
crease in their size (Fig. 1c). When tungsten content reaches ~30 at.%,
the morphology of the Co-W alloy changes considerably, the structure
becomes more compact and a spherical cluster surface consists from
large number of smaller size nodular-shape grains (Fig. 1d).

The changes of alloy composition and morphology are directly
reflected in the structural changes. XRD patterns of investigated alloys
are presented in Fig. 2. Noticeably, that even the small tungsten amount
(“case 1”) incorporated into Co lattice significantly changes the texture
of hcp Co lattice: the hexagonal close-packed {100}-textured film,
which is characteristic for electrodeposited Co, transforms into {110}
textured film while texture {100} weakens sufficiently. This small
amount of tungsten causes a strong disorientation of blocs, and maxi-
mum angle in the electrodeposited films can reach tens of degrees,
that facilitates the growth of defects and multi-domain more readily,
therefore, decreasing the texture [21].

The “case 2” is preferentially {101} textured film, whereas the tex-
ture of {100} characteristic for electrodeposited cobalt was disappeared.
The XRD patterns of this Co-W coating demonstrates a strong peak at
20 = 46.5° which is attributed to CosW. A small shift of 20 position in
comparison with indicated in PDF card no 65-3520 occurs probably
due to formation of Co solid solution in the CosW phase [17]. Nanocrys-
talline (“amorphous-like”) structure of Co-W alloy was observed, when
the tungsten content in the coatings deposited at 60 °Cis >25-27 at.%. In
this “case 3" only one broad peak in the proximity of 20 = 43.5° is seen.
It is difficult to determine to which phase this peak is attributed because

Table 1
Influence of the electrolyte pH on Co-W alloy composition and cathodic current efficiency.

pH of the plating bath W content, at.% Current efficiency, %
5.0 3.0 755
6.7 18.0 70.1
8.0 30.0 255
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=

Fig. 1. SEM micrographs of pure Co and Co-W alloys deposited at different pH: (a) 6.7; (b) 5.0; (c) 6.7; (d) 8.0. Compositions of alloys are given in at.%.

the characteristic peaks for Co(W) and CosW phase is overlapped. Such
peak broadening could be attributed to the reduction of crystallite size
of the alloy with an increase of the percentage of W in the deposit.
The abovementioned changes of composition, morphology and
structure are the targets of interplay during co-deposition process: the
co-deposition of cobalt and tungsten as well as the hydrogen evolution
as side reaction undergoes via intermediate adsorption stages and they
are interdependent, that lead to increase of W content with increase of
pH, lowering of hydrogen overvoltage, and decrease of grain size as fol-
lows. Firstly, the increase of the W fraction in the alloy with pH corre-
lates well with the rapid raise in the concentration of some W(VI)-
citrate complexes in the solution such as (WO,)(HCitr)H*~ at pH > 5.
Secondly, the alkalization occurring in the near-electrode zone due to

intense hydrogen evolution during electrolysis, especially at higher pH
of solution leads to the increase of tungsten content in the coating,
which could be linked to the rise in concentration of electrochemically
active W(VI)-citrate complexes with pH. Finally, the formation of
adsorbed (heterogeneous) layers on the surface containing intermedi-
ates of Co(Il) and W(VI) with simultaneous hydrogen evolution facili-
tate the start the crystallization of Co-W on new spots that causes
decrease of the grain size.

Thus, this complex interplay yields the decreasing of both cathodic
current efficiency (Table 1) and the grain size with increase in tungsten
content with resulted “amorphous-like” structure. Therefore, the alloys
obtained at pH 8 contains the highest amount of tungsten (>30 at.%),
and due to the intensive hydrogen evolution consist of finest grains

...
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20 / degree
2 112)
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=
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Fig. 2. XRD patterns of as-deposited pure Co and Co-W coatings. Compositions of alloys are given in at.%.
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that are smaller than 5 nm and have the low current efficiency (25.5%)
in comparison with obtained at pH 5 (75.5%),where they have coarse-
grained structure with ~5— nm.

3.2. Electrochemical activity of as-deposited Co-W alloys for methanol
electrooxidation reaction and their corrosion behavior in acidic medium

In this study, the electro-oxidation of methanol was performed in a
mixed solution containing 0.1 M H,SO4 and 1 M CH30H at room tem-
perature. Typical cyclic voltammetric (CV) curves for different composi-
tions of Co-W catalysts are shown in Fig. 3 (a) and (b). As it can be
clearly seen from Fig. 3a, for the cast Co and Co-W alloys having small
percentage of W (<18 at.%) the high anodic current densities are ob-
served and they are attributed to the active dissolution of Co-W alloys.
The curves were almost linear and no significant peaks of methanol
electro-oxidation were observed, which indicates that these Co-W al-
loys do not possess the electro-catalytic activity toward methanol
electro-oxidation reaction.

As it was reported earlier [22], the corrosion resistance of electrode-
posited Co-W alloys having <25 at.% of W is very poor. In this case the
corrosion rate of the coatings in acidic media is really high and values
of anodic current density reach up to 350 mA-cm™2. According to the
literature, due to the oxygen evolution an increase in current density
also should be obtained at potentials >1.03 V (vs Ag/AgCl). However,
in our case the current density grows mostly because of active Co-W al-
loys dissolution in acidic media. The corrosion process occurs through
the entire alloy layer up to the substrate, and complete coating dissolu-
tion is occurred.

400
350
300 |
250 || C-18 W/ 0.1 MH,SO, + 1M CH,0H

200 -

Co /0.1 M H,50,+ 1M CH;0H

Afcm?

150 -

i,m
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.50 . . . . . . .
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Fig. 3. Cyclic voltammograms recorded on the various as-deposited Co-W alloy catalysts;
the composition is given in at.%. Arrows show a potential scan direction.

1325

When the W content in the deposit is about 30 at.%, only the top sur-
face layer is affected by corrosion process. Thus, after anodization of this
alloy in 1 M CH30H and 0.1 M H,SO4 solution the coating is retained, but
Co content in the alloys decreased from 70 to 67 at.%, accordingly W
content increased from 30 to 33 at.%, which can be linked with Co faster
dissolution. After removing the top layer by gentle polishing, the same
W initial content was detected, namely ~30 at.% as it was before the ex-
periment. A baseline CV curve of Co-30 W alloy was also collected in
0.1 M H,S0,4 (without methanol), and the current (~5 mA-cm~2) can
be attributed to the corrosion reaction (Fig. 3b), and it is sufficiently
smaller than that for Co-W alloys having less content of W.

Thus, Co-W alloy containing 30 at.% of W demonstrates high activity
and good stability as a catalyst for methanol oxidation reaction in the
acidic media. For comparison the electrooxidation in the same solution
on Pt is also shown. Generally, the methanol oxidation on Pt electrode
occurs at the potential of 0.15 V and the rate increases considerably at
the potentials above 0.4 V, where the hydroxyl groups on a Pt surface
are formed. Finally, it was found that methanol oxidation current
reached the maximum current density in the potential range of 0.67-
0.7 V. The decrease in the oxidation current beyond this potential
range is attributed to further oxidation of Pt surface leading to passiv-
ation and loss of activity toward methanol oxidation reaction [23]. On
the reverse scan, the methanol oxidation peak appeared at an electrode
potential of 0.55-0.6 V and the anodically formed oxide film reduces to
metallic platinum [23,24]. In this study, the onset of oxide formation
was observed at 0.69 V and the oxide reduction peak appeared at
0.6 V. In case of Co-30 W alloy the oxidation reaction occurs at about
0.67 V and this potential and the shape of CV curve is similar to the typ-
ical Pt electrode CV shape, whereas no peak at this potential was noticed
in the voltammogram for Co-30 W deposit in the absence of methanol.
The enhancement in catalytic activity by Co-W catalyst may be attribut-
ed to the increase in its real surface area, synergic effect by the interac-
tion between Co and W, which prevents the active Co dissolution during
the methanol oxidation reaction.

3.3. Electrochemical performance of oxidized Co-W alloys for methanol ox-
idation reaction

It was shown [13] that thermal treatment increases the catalytic ac-
tivity of Co-W alloy for methanol oxidation in both acidic and alkaline
media because the thermal treatment of the W alloy coatings improves
their crystalline structure and new phases are formed. There are two
stable bulk phases of cobalt oxide: the (fcc) type rock salt structure of
CoO and the cubic spinel structure of Co304; they exhibit interesting
electronic and magnetic properties and can be used as catalysts in
some reactions [25]. In order to prepare oxidized Co-W alloys they
were heated for 1 h at 600 °C in air atmosphere. This temperature has
been chosen as the optimal for further experiments, because at lower
temperature (400 °C) amorphous structure of Co-30 W alloys remains
stable and no corresponding peaks for Co oxides were noticed. After
heat treatment at higher temperature (700 °C) the coatings were poorly
adhered to the stainless steel substrate and many cracks on the surface
were observed. The surface morphology after thermal treatment of Co-
W catalysts and pure Co at 600 °C is presented in Fig. 4.

As it is seen, the crystalline Co-W coatings having <18 at.% of tung-
sten in their composition after heat treatment demonstrates similar sur-
face morphology with the presence of open pores and blurry grain
boundaries. However, EDS analysis showed that they consist only of el-
emental Co and O (Fig. 5 a). In contrary, Co-W alloy having 30 at.% of W
after annealing contained only ~1 at.% of tungsten (Fig. 5) and this sig-
nificant decreasing of W content dramatically changes the morphology
of the deposit compared to that of as-deposited one. As-deposited Co-
30 W coating contains spherical and smooth bright nodules on its sur-
face, and after annealing it demonstrates polyhedral crystallites of the
irregular size. In both cases, Co-30 W electrodeposits even after anneal-
ing are cracks-free, in comparison with results of work [26].
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Fig. 4. SEM micrographs of pure Co (a) and Co-W alloys deposited at different pH: 5(b); 6.7 (c); 8(d) after heat treatment at 400 °C for 1 h.

XRD analysis (Fig. 6) confirmed the crystalline structure of all inves-
tigated coatings after heating at 600 °C in the open air. The results are
similar to previous studies, where it was show that, the Co-W alloys
having high content of W in their composition (24.5 at.%) demonstrates
a clear polycrystalline structure after heating for 4 h in vacuum from
400 °C to 800 °C [17]. Meanwhile Co-W deposits containing higher
tungsten percentage in their composition recrystallized from

Energy (keV)

Energy (keV)

Fig. 5. EDS spectra of (a) Co-18.4 W and (b) Co-30.1 W alloys coating after heat treatment
at 600 °C for 1 h. Composition is given in at.%.

amorphous-like to polycrystalline CosW structure at 600 °C. XRD pat-
terns of as-deposited Co-3 at.% W alloy after annealing indicated that
are consisting of pure hcp Co and phases of oxidation products (Co304
and CoWOQy,) (Fig. 6). The detected peak positions of CoWQ, phase is
in accordance with [27]. For Co-W alloy coating having higher amount
of W a pure hcp Co phase after heat treatment in X-ray spectrum disap-
pears. Interestingly in the case of annealed Co-18 at.% W alloy a strong
peak at 20 = 46.5° corresponding to CosW phase was observed like in
the same as-deposited coating. Although EDS analysis showed extreme-
ly low W content in the alloy after heat treatment at 600 °C in the air a
small amount of CosW phase also was observed in XRD patterns of
annealed Co-30 at.% W sample. This could be attributed to the higher
penetration depth of X-ray beam (~4 um) in course of XRD analysis
compared to the EDS technique (~1 pm). As the X-rays penetrate deeper
during XRD test, therefore the characterization of the deeper inner layer
of the thin film can be performed. It was proven by the EDS analysis

+-Co
0-Coy0,
- CoWO,
e - Co,W

Intensity

Co3W

20 30 40 50 60 70 80 90 100
20 (degree)

Fig. 6. XRD patterns of Co-W alloys after heating for 1 h at 600 °C in the open air. The
composition (in at.%) is given for as-deposited alloys.
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performed after gentle polishing of the annealed sample having <2 at.%
of W, that inner layer has higher W content of ~19 at.%. This could be the
reason of the formation of CosW phase in XRD results. Furthermore, the
patterns of heat treated Co-30 at.% W alloy coating indicated the forma-
tion of Co304 and CoWO, phases as well.

In all investigated cases after heat treatment of Co-W alloys at 600 °C
using XRD technique there were no peaks attributed to tungsten oxide
phases. That is in contradictory with known fact that pure tungsten
starts to oxidize in vacuum by residual oxygen at about 400 °C and
above 900 °C the sublimation of WO5 takes place. This could be attribut-
ed to different W structure in pure W metal and in the alloy, which
could cause the tungsten sublimation in Co-W alloy at lower tempera-
ture (600 °C) in open air. The above-mentioned EDS data show that
nanocrystalline alloys sublimate gradually from top to bottom of the
coating.

Electrocatalytic properties of the heat-treated and oxidized Co-W
alloy electrodes toward methanol oxidation were investigated under
the same conditions as for as-deposited alloys, and corresponding cyclic
voltammograms are shown in Fig. 7. The cyclic voltammograms for Co-
30 W alloys were recorded in the potential range from —0.2 up to 1.0V
in order to prevent the dissolution of cobalt from the surface of the elec-
trode at more positive potentials. A baseline CV curve of annealed Co-W
alloy was also recorded in 0.1 M H,SO, solution (without methanol). In
this case, Co-W deposit shows an oxidation peak at 0.11 V which corre-
sponds to the Co dissolution from the alloy. This behavior is similar to
the noticed for as-deposited Co-W coating. As it was expected, Co-W de-
posits initially contained <18 at.% of W, after heating became totally in-
active for methanol oxidation reaction (Fig. 7 (a)). Whereas the
annealed Co-W alloy with having initially 30 at.% of W demonstrates a
small methanol oxidation peak at 0.7 V in sulfuric acid and methanol
mixture (Fig. 7 b). In this case the peak current density of the methanol
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Fig. 7. Cyclic voltammograms recorded on the annealed Co-W catalyst in the mixture of
0.1 M H,S04 and 0.1 M methanol at room temperature. Composition (in at.%) is
provided for as-deposited alloys ( prior heating at 600 °C). Arrows show a potential scan
direction.
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oxidation on the heat treated Co-W electrode is 0.135 mA-cm~2, which
is sufficiently lower than indicated for as-deposited Co-30 W alloy coat-
ing (12.3 mA-cm~2) or pure Pt electrode (2.4 mA-cm™2). The decrease
in catalytic activity might be attributed to the reduction of tungsten con-
tent in the alloy and the inhomogeneity of surface morphology. In addi-
tion, the significant increase in cathodic current density during the
reverse scan was not observed as for as-deposited alloys probably due
to irreversible oxidation of methanol.

4. Conclusions

Electrodeposited Co-W alloys having various tungsten content and
structure ranged from nanocrystalline (3 and 18 at.% of W) and “amor-
phous-like” (30 at.% of W) had been electrodeposited from citrate-
based solutions and tested as anodes for methanol electrooxidation in
the mixture of 1 M CH30H and 0.1 M H,SO,4. As-deposited Co-3 at.%
and Co-18 at.% coatings were totally inactive for methanol oxidation,
and the electrochemical alloys dissolution occurs in the tested media.
Only Co-30 at.% W alloy is an active electrocatalysts for methanol oxida-
tion. It is more effective electrode for methanol electrooxidation than
pure Pt because of higher anodic peak current density
(12.3 mA-cm™—2) attributed to the electrooxidation of methanol. After
heating for 1 h at 600 °C in air atmosphere the structure of Co-W coat-
ings transformed from “amorphous-like” (nanocrystalline) to crystal-
line one and new phases are occurred (Co3;04, COWO,) simultaneously
with decrease of tungsten content in the alloy due to the volatilization
of tungsten oxides. It was found that heating resulted the lower Co-W
alloy activity toward methanol electroxidation compared to both “as-
deposited” Co-30 at.% W and pure Pt electrodes.

Acknowledgement

The authors acknowledge funding from the Research Council of Lith-
uania (MIP-031/2014) and Moldavian National Project 15.817.02.05A.

References

[1] JR.C.Salgado, E. Antolini, E.R. Gonzalez, Carbon supported Pt-Co alloys as methanol-
resistant oxygen-reduction electrocatalysts for direct methanol fuel cells, Appl.
Catal,, B 57 (2005) 283-290.

[2] E. Antolini, J.R.C. Salgado, E.R. Gonzalez, The methanol oxidation reaction on plati-
num alloys with the first row transition metals: the case of Pt-Co and -Ni alloy
electrocatalysts for DMFCs: a short review, Appl. Catal., B 63 (2006) 137-149.

[3] E.R. Gonzalez, A. Mota-Lima, Catalysts for methanol oxidation, in: R. Corti, E.R.
Gonzalez (Eds.),Direct Alcohol Fuel Cells - Materials, Performance, Durability and
Applications Springer Science + Business Media Dordrecht 2014, pp. 33-62.

[4] T. Iwasita, Electrocatalysis of methanol oxidation, Electrochim. Acta 47 (2002)

3663-3674.

Z. Jusys, TJ. Schmidt, L. Dubau, K. Lasch, L. Jérissen, J. Garche, RJ. Behm, Activity of

PtRuMeOx (Me = W, Mo or V) catalysts towards methanol oxidation and their

characterization, ]. Power Sources 105 (2002) 297-304.

[6] M. Metikos-Hukovic, R. Babic, Y. Piljac, Kinetics and electrocatalysis of methanol ox-
idation on electrodeposited Pt and Pt;oRus catalysts, J. New Mater. Electrochem.
Syst. 7 (2004) 179-190.

[7] AV.Tripkovi¢, K.D. Popovig, ].D. Lovi¢, V.M. Jovanovi¢, A. Kowal, Methanol oxidation

at platinum electrodes in alkaline solution: comparison between supported cata-

lysts and model systems, J. Electroanal. Chem. 572 (2004) 119-128.

T. Iwasita, H. Hoster, A. John-Anacker, W.F. Lin, W. Vielstich, Methanol oxidation on

PtRu electrodes. Influence of surface structure and Pt—Ru atom distribution, Lang-

muir 16 (2000) 522-529.

[9] A.Serov, C. Kwak, Review of non-platinum anode catalysts for DMFC and PEMFC ap-

plication, Appl. Catal., B 90 (2009) 313-320.

ZJ. Zuo, L. Wang, P.D. Han, W. Huang, Insights into the reaction mechanisms of

methanol decomposition, methanol oxidation and steam reforming of methanol

on Cu(111): a density functional theory study, Int. ]. Hydrog. Energy 39 (4)

(2014) 1664-1679.

[11] J. Mathiyarasu, A.M. Remona, A. Mani, K.L.N. Phani, V. Yegnaraman, Exploration of

electrodeposited platinum alloy catalysts for methanol electro-oxidation in 0.5 M

H,S04: Pt-Ni system, J. Solid State Electrochem. 8 (2004) 968-975.

CN. Tharamani, P. Beera, V. Jayaram, N.S. Begum, S.M. Mayanna, Studies on electro-

deposition of Fe-W alloys for fuel cell applications, Appl. Surf. Sci. 253 (2006)

2031-2037.

T. Shobba, S.M. Mayanna, C.A.C. Sequeira, Preparation and characterization of Co-W

alloys as anode materials for methanol fuel cells, J. Power Sources 108 (2002)

261-264.

[5

(8

[10]

[12]

[13]

124


http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0005
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0005
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0005
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0010
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0010
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0010
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0015
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0015
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0015
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0020
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0020
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0025
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0025
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0025
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0030
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0030
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0030
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0030
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0030
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0035
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0035
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0035
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0040
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0040
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0040
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0040
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0040
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0045
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0045
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0050
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0050
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0050
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0050
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0055
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0055
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0055
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0055
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0055
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0060
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0060
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0060
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0065
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0065
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0065

1328

[14]

[15]

[16]

[17]

[18]

[19]

[20]

E. Vernickaite et al. / Surface & Coatings Technology 307 (2016) 1322-1328

N. Tsyntsaru, H. Cesiulis, M. Donten, J. Sort, E. Pellicer, E.J. Podlaha-Murphy, Modern
trends in tungsten alloys electrodeposition with iron group metals, Surf. Eng. Appl.
Electrochem. 48 (2012) 13-44.

C. Fan, D.L. Piron, A. Sleb, P. Paradis, Study of electrodeposited nickel-molybdenum,
nickel-tungsten, cobalt-molybdenum, and cobalt-tungsten as hydrogen electrodes
in alkaline water electrolysis, J. Electrochem. Soc. 141 (1994) 382-387.

P. Bera, H. Seenivasan, K.S. Rajam, V.K.W. Grips, XRD, FESEM and XPS studies on heat
treated Co-W electrodeposits, Mater. Lett. 76 (2012) 103-105.

N. Tsyntsaru, H. Cesiulis, A. Budreika, X. Ye, R. Juskenas, J.P. Celis, The effect of elec-
trodeposition conditions and post-annealing on nanostructure of Co-W coatings,
Surf. Coat. Technol. 206 (2012) 4262-4269.

F. Su, C. Liu, P. Huang, Effect of complexing agents and pH on microstructure and tri-
bological properties of Co-W coatings produced by double pulse electrodeposition,
Appl. Surf. Sci. 258 (2012) 6550-6557.

N. Tsyntsaru, G. Kaziukaitis, C. Yang, H. Cesiulis, H.G.G. Philipsen, M. Lelis, ].-P. Celis,
Co-W nanocrystalline electrodeposits as barrier for interconnects, J. Solid State
Electrochem. 18 (2014) 3057-3064.

N. Tsyntsaru, H. Cesiulis, E. Pellicer, J.-P. Celis, J. Sort, Structural, magnetic, and me-
chanical properties of electrodeposited cobalt-tungsten alloys: intrinsic and extrin-
sic interdependencies, Electrochim. Acta 104 (2013) 94-103.

[21]
[22]

[23]

[24]

[25]
[26]

[27]

L.S. Palatnik, M. Ya, V.M. Fuks, Kosevich, Mekhanism Obrazovaniya i Substruktura
Kondesirovannykh Plenok, Izdatel'stvo Nauka, Moscow, 1972 (in Russian).

H. Cesiulis, A. Budreika, Hydrogen evolution and corrosion of W and Mo alloys with
Co and Ni, Physicochem. Mech. Mater. 8 (2010) 808-814.

G. Hou, J. Parrondo, V. Ramani, J. Prakash, Kinetic and mechanistic investigation of
methanol oxidation on a smooth polycrystalline Pt surface, J. Electrochem. Soc.
161 (2014) F252-F258.

M. Metikos-Hukovic, R. Babic, Y. Piljac, Kinetics and electrocatalysis of methanol ox-
idation on electrodeposited Pt and Pt70Ru30 catalysts, ]. New Mater. Electrochem.
Syst. 7 (2004) 179-190.

M.M. Natile, A. Glisenti, Study of surface reactivity of cobalt oxides: interaction with
methanol, Chem. Mater. 14 (2002) 3090-3099.

P. Bera, H. Seenivasan, K.S. Rajam, V.K.W. Grips, XRD, FESEM and XPS studies on heat
treated Co-W electrodeposits, Mater. Lett. 76 (2012) 103-105.

X. Chun Song, E. Yang, R. Ma, H. Fang Chen, Y. Zhao, Sodium dodecyl sulfate-assisted
synthesis of COWO, nanorods, ]. Nanopart. Res. 10 (2008) 709-713.

125


http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0070
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0070
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0070
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0075
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0075
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0075
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0080
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0080
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0085
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0085
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0085
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0090
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0090
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0090
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0095
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0095
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0095
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0100
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0100
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0100
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0105
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0105
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0110
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0110
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0115
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0115
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0115
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0120
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0120
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0120
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0125
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0125
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0130
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0130
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0135
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0135
http://refhub.elsevier.com/S0257-8972(16)30652-1/rf0135

Article IV

Electrodeposition and corrosion behavior of nanostructured cobalt
tungsten alloy coatings

E.Vernickaite, N. Tsyntsaru, H. Cesiulis
Transactions of the IMF, 94 (6) (2016) 313-321

126



Teylor & Francls
Transactions of the IMF
The International Journal of Surface Engineering and Coatings

ISSN: 0020-2967 (Print) 1745-9192 (Online) Journal homepage: http://www.tandfonline.com/loi/ytim20

Electrodeposition and corrosion behaviour of
nanostructured cobalt-tungsten alloys coatings

E. Vernickaite, N. Tsyntsaru & H. Cesiulis

To cite this article: E. Vernickaite, N. Tsyntsaru & H. Cesiulis (2016) Electrodeposition and
corrosion behaviour of nanostructured cobalt-tungsten alloys coatings, Transactions of the IMF,
94:6, 313-321, DOI: 10.1080/00202967.2016.1220071

To link to this article: https://doi.org/10.1080/00202967.2016.1220071

@ Published online: 09 Nov 2016.

NS
[:1/ Submit your article to this journal &'

il Article views: 54

A
& View related articles &'

@ View Crossmark data (&

CrossMark

@ Citing articles: 3 View citing articles (&'

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journallnformation?journalCode=ytim20

(Download by: [Vilinius University] 127 Date: 13 December 2017, At: 04:1 5)



http://www.tandfonline.com/action/journalInformation?journalCode=ytim20
http://www.tandfonline.com/loi/ytim20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00202967.2016.1220071
https://doi.org/10.1080/00202967.2016.1220071
http://www.tandfonline.com/action/authorSubmission?journalCode=ytim20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=ytim20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/00202967.2016.1220071
http://www.tandfonline.com/doi/mlt/10.1080/00202967.2016.1220071
http://crossmark.crossref.org/dialog/?doi=10.1080/00202967.2016.1220071&domain=pdf&date_stamp=2016-11-09
http://crossmark.crossref.org/dialog/?doi=10.1080/00202967.2016.1220071&domain=pdf&date_stamp=2016-11-09
http://www.tandfonline.com/doi/citedby/10.1080/00202967.2016.1220071#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/00202967.2016.1220071#tabModule

Downloaded by [Vilinius University] at 04:16 13 December 2017

Electrodeposition and corrosion behaviour of
nanostructured cobalt—tungsten alloys
coatings

E. Vernickaite’, N. Tsyntsaru®? and H. Cesiulis**

Theoretical and practical studies of tungsten alloys with iron group metals continue to be carried
out because of their unique combination of tribological, magnetic and electrical properties. The
electrodeposition of Co-W alloys was performed in a citrate-borate solution at pH 5-8; t= 20
and 60°C. The electrochemical corrosion was studied in 0.01 M H,SO,4, and stainless steel was
selected as a substrate. For the mapping of the properties alloy deposits having various
contents of W (2.4-30 at.-%) and crystallite size varying from polycrystalline (<60 nm) to
‘amorphous-like’ (2-5nm) were prepared. Co-W alloys possessing the highest corrosion
resistance should contain 17-24 at.-% of W, i.e. have a structure close to intermetallic phase
CogW. The corrosion occurs via an intermediate adsorbed stage by forming oxygen-containing

compounds; the estimated thickness of the adsorbed layer varies in the range 0-1.6 A

Keywords: Cobalt-tungsten alloys; Electrodeposition; Corrosion; EIS; Oxide layer

Introduction

Nanostructured materials generate much excitement in
the scientific community for the enhanced properties
associated with a nanoscaled grain structure offering
new opportunities for challenging industrial appli-
cations.! Many synthesis techniques for nanostructured
materials have been developed over the past 20 years,>”
such as electrodeposition, hydrothermal-electrochemical
process, and a hydrothermal-mechanical-chemical pro-
cess. Among these techniques, electrodeposition is a
most appropriate one since it is a low-cost process easy
to upscale so that transfer from technology to industry
is feasible. Among a number of options of different
materials, currently theoretical and practical studies on
the codeposition of tungsten with iron group metals are
being conducted worldwide.' Tungsten alloys of iron
group metals have a high melting point and are often con-
sidered as superalloys or high-performance alloys, and
the interest in those has been driven by their outstanding
properties and multiple possible applications, overviewed
in Lassner and Schubert.! That research is encouraged by
the pronounced mechanical, tribological and magnetic
properties as well as the corrosion resistance of tungsten
alloys.® The magnetic properties of electrodeposited
Me-W alloys are of interest in recording media*® and
remotely actuated micro-/nano-electromechanical sys-
tems (MEMS/NEMS), such as microactuators, micromo-
tors, sensors, microgears or  micromechanical
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magnetometers.®’ A semi-hard ferromagnetic behaviour
of electrodeposited Co-W alloys with a coercivity of
~470 Oe along the perpendicular-to-plane direction is
observed for Co-W alloys containing small amounts of
W in the range of ~2-3 at.-%,; at higher tungsten contents
the coatings are magnetically softer, and the electrodepo-
sits become non-ferromagnetic beyond ~30 at.-% W.* In
other words, electrodeposited tungsten alloys are suitable
candidates to meet many technological demands.
Corrosion is a deteriorating phenomenon of metals
and alloys, which often dictates the life of a product.
Owing to a large surface area-to-volume ratio of thin
films, as compared to that of bulk materials, the proper-
ties of thin films, as a rule, significantly differ from the
bulk (macroscaled) materials behaviour. Indeed, a funda-
mental requirement for materials in microtechnology is
that they have to show an extremely high corrosion resist-
ance. This is due to the continuous decrease in the com-
ponent size, down to the micrometer range. Under such
conditions, the resistance to device failure due to even a
small amount of ionic contaminants may become a key
issue in terms of lifetime and reliability. Film compo-
sition, microstructure and density are very much depen-
dent on preparation methods and conditions, and the
variation in corrosion rates and other properties of the
surfaces with the fabrication method and structure are
well known.”'" Additionally, differences in corrosion
properties between cast iron group metals and the corre-
sponding electrodeposited metals have been observed.
The values of corrosion potential (open circuit potential
(OCP)) are more negative for the electrodeposited metals
than for the corresponding cast metals. Furthermore,
higher corrosion currents are obtained in electrodeposited
metals.!! Therefore, the examination of the corrosion
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Table 1 Electrodeposition conditions and contents of obtained Co-W alloys

Electrodeposition conditions

Composition of electrolyte

pH i/mA cm™2 Deposition time/min Temperature/°C Composition of metallic phase
0.2 M CoSO,4 7H,0 5.0 10 60 60 Co-3at-% W
0.2 M NapW0O,4-2H,0 6.0 5 120 Co-9at-% W
0.65 M H3BO3 6.7 5 95 Co-14 at.-% W
0.25 M NazCeHs07 6.7 10 75 Co-19 at.-% W
0.04 M CgHgO7 6.7 15 65 Co-24 at.-% W
8.0 5 370 Co-30 at.-% W
6.7 5 135 20 Co-13at-% W
8.0 5 285 Co-25 at.-% W
0.2 M CoS0,47H,0 6.7 5 120 60 Co
0.65 M H3BO3
0.25 M NazCgHs0-
0.04 M CgHsO7
Co i, mA Co-W

21 at.-%W 24 at.-%W

1 Morphology of Co and Co-W electrodeposited coatings obtained at pH 6.7

properties of the obtained materials is an integral part of
modern materials science and crucial in terms of techno-
logical applications.

The corrosion behaviour of nanocrystalline tungsten
alloys including ‘amorphous like’ is intriguing, as one
can expect that the increase of the amount of tungsten
in the coating will increase its corrosion resistance. How-
ever, it can be noted that they hardly transfer into a pas-
sive state in neutral solutions;'z"6 in both cases, freshly
deposited and after exposing these materials for 15 days
in open air, the corrosion potential shifts towards more
positive potentials by only 100-200 mV and remains rela-
tively negative. Thus, the rubbing of surfaces does not
promote corrosion, i.e. tribocorrosion of such alloys is
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relatively weak. On the other hand, tungsten alloys
show a relatively low hydrogen overvoltage and clear cor-
relation between exchange current for H, evolution is
obtained for the Co-W alloys with relative high content
of W.!7 Moreover, taking into account that corrosion of
tungsten alloys with iron group metals occurs with hydro-
gen depolarisation, and the absolute values of both
hydrogen evolution reaction and anodic reaction have
to be the same during resting of alloy in corrosive
media, the weak passivity of tungsten and molybdenum
alloys obtained in air and neutral solutions'* may govern
the high corrosion rate of these alloys.

The mapping of corrosion behaviour is a critical step
towards an implementation of such materials in modern
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2 X-ray diffraction patterns recorded on Co-W electrodepo-

sits having 14 at.-% of W and electrodeposited at various
temperatures

Grain size/nm
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Content of W/at.-%

3 Effect of tungsten content on the average grain size of
Co-W alloys

1x102
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1x104

—Co
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Co-W (4.6 at-% W)
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4 Linear sweep voltammograms for Co and Co-W alloys
electrodeposited at 60°C. The scan rate was 2mV s™'

devices. Indeed, such mapping is important to establish
interdependencies between intrinsic and extrinsic proper-
ties/parameters. It is well known that the key factor deter-
mining the structure and properties of an alloy is its
chemical composition.®

This study is devoted to the Co-W electrodeposition
from citrate-borate solution containing a relatively high
concentration of CoSO4 and Na,WO, and mapping the
corrosion properties as a function of both the content
varying in a wide range (from 0 up to 30 at.-% of W)
and the structure of deposits obtained.

1x1073

1x104

1x10

Corrosion current/Acm-2

1x10°® N .
0 4 8 12 16 20 24 28 32

Content of W/at.-%

5 Corrosion current for Co and Co-W as a function of the
content of tungsten. Electrodepositing temperature is
indicated in figure

Experimental

A galvanostat/potentiostat AUTOLAB 302 in combi-
nation with the software GPES and FRA was employed
for electrodeposition and for corrosion study. Thicker
coatings of about 10 um were electrodeposited to accu-
rately measure the corrosion resistance. For the cor-
rosion study the registration of electrochemical
impedance spectra (EIS) and voltammetric data was
started after stabilisation of the OCP within 15 min in
the test medium, 0.01 M H,SO4. The amplitude of
the sinusoidal voltage was 5 mV and the spectrum was
obtained in the frequency range: 10 kHz-0.01 Hz. The
thickness of the electrodeposits was calculated from
gravimetric and elemental analysis data. The surface
morphology of the coatings and content of alloys was
investigated by scanning electron microscopy (Hitachi
TM-3000 equipped with EDS analyser and software
Swift ED-3000). Pure Co coatings were electrodeposited
from the same solution but free of Na,WO, in order to
be compared with Co-W coatings.

The electrodeposition and corrosion tests were per-
formed in a three-electrode cell with a platinised mesh
as a counter electrode and saturated Ag/AgCl electrode
as the reference electrode. All potential values are
expressed vs. this reference electrode. Stainless steel sub-
strates of the following composition (in wt-%) Fe-70,
Cr-19, Ni-8, Mn-2, other: Si, Al, P-1 were used. In all
experiments a stationary working electrode has been
used. Prior to electrodeposition, the steel substrates
were mechanically polished using a diamond paste fol-
lowed by an ultrasonic cleaning in ethanol to remove
any contamination from the surface. In order to
improve the adhesion of Co-W coatings to the sub-
strates, a nickel seed-layer was electrodeposited from
an electrolyte containing 1 M NiCl, + 2.2 M HCI, at a
cathodic current density of 20 mA cm™ for 1 min. A
platinum mesh was used as anode for Ni and Co-W
electrodeposition.

Co-W coatings were obtained by electrodeposition
under galvanostatic mode from a citrate-borate electro-
lyte.® The pH was adjusted to 5.0, 6.7 or 8.0 by the
addition of concentrated H,SO4 or NaOH. The plating
temperature was kept at 20 and 60°C to observe the influ-
ence of temperature on the process of nucleation and
properties of coatings.
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6 Equivalent circuits used for EIS fitting; R1 is solution (uncompensated) resistance; R2 is charge transfer resistance (having
meaning of corrosion resistance); CPE1 is a constant phase element having meaning of the capacity of double electric layer
on the electrode; R3 and CPE2 are related to adsorption of reaction intermediate resistance and capacitance, respectively; L1

is inductance

Electrochemical corrosion measurements of coatings
obtained were performed in 0.01 M H,SO, solution at
23 + 1°C. The solution was open to air. The exposed
area of the sample was 1 cm?. In order to estimate the
repeatability of corrosion currents and EIS parameters
the measurements have been performed on parallel
samples obtained under the same conditions. The average
fluctuations of corrosion parameters were in the range of

+15%.
0Co24W
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|
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N
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7 Nyquist plots for Co—2.4 at.-% W coatings deposited at 60°
C at OCP, equivalent circuit is shown in Fig. 6a; at 0.05 and
0.10 V from OCP, equivalent circuit is shown in Fig. 6b
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Results and discussion

Content and structure of alloys

The content of solutions, current densities, and content of
obtained alloys are providing in Table 1. The authors con-
sidered the composition of the electrodeposited alloys as
fractions of metallic phases only, although the presence
of oxygen was detected, and this has been discussed
recently.'®

OCo7W

200
£
S 100 |
£
5
£ 0 - -
N 200 600
-100
Z/ Ohm cm?

OCo7 W, +0.05V
OCo7 W, +0.1V

-Z'{Ohm cm?

Z/Ohm cm?

8 Nyquist plots for Co—7 at.-% W coatings deposited at 60°C
at OCP, equivalent circuit is shown in Fig. 6b; at 0.05V
from OCP, equivalent circuit is shown in Fig. 6c; at
0.10 V from OCP, equivalent circuit is shown in Fig. 6b
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9 Nyquist plots for Co-17 at.-% W coatings deposited at 60°
C at OCP, equivalent circuit is shown in Fig. 6c; at 0.050 V
from OCP, equivalent circuit is shown in Fig. 6e; at 0.10 V
from OCP, equivalent circuit is shown in Fig. 6e
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10 Nyquist plots for Co-30 at.-% W coatings deposited at
60°C at OCP, equivalent circuit is shown in Fig. 6d; at
0.05 V from OCP, equivalent circuit is shown in Fig. 6d;
at 0.10 V from OCP, equivalent circuit is shown in Fig. 6d

Some representative SEM images of electrodeposits are
shown in Fig. 1, in which the influence of the solution
temperature and current density on pure Co and Co-W
coating morphology is evident. It is seen that morphology
evolves from coarse-grained lenticular growth (content of
W is 0-8 at.-%) to nodular growth (content of W > 8 at.-
%). Moreover, the tungsten presenting in the alloy mod-
ifies the crystallographic texture to mnanocrystalline
(‘amorphous-like’). In detail, the structure of Co-W
alloys electrodeposited at 60°C is discussed in the authors’
previous studies.®!'® However, it should be noticed, that
alloys electrodeposited at 20°C become ‘amorphous-
like’ with lower content of W, i.e. above 13 at.-%, that
was not detected in our previous studies, and XRD spec-
tra for comparison of alloys containing 14 at.-% W but

electrodeposited at various temperatures are presented
in Fig. 2.

The mean grain size as a function of the tungsten con-
tent estimated from XRD data by using Scherrer’s
equation is shown in Fig. 3. The grain size depends rather
on the tungsten content than on the electrodeposition
conditions. A transition from a relatively coarse grain
size of ~20 to 3-6 nm occurs in a narrow range of tung-
sten content, namely between 18 and 20 at.-% W. That
tungsten range corresponds to the tungsten content
range where the dominating phase is the intermetallic
CosW compound. Electrodeposited Co-W coatings
with the smallest grain sizes have a bright appearance.

Corrosion

Voltammetric studies for Co-W alloys and compared
with cast Co and W were carried out to evaluate the
actual corrosion rate. Some representative curves for
Co—W alloys obtained at 60°C are presented in Fig. 4.
As is seen, the corrosion potential (or so-called ‘OCP’)
is located in the range from —0.40 to —0.18 V and does
not show any gradual tendency as a function of alloy
composition. This is not surprising, because it is driven
by the rates of cathodic and anodic reactions and at
these potentials the rates of both reactions are equal. In
the studied case, the cathodic reaction is hydrogen evol-
ution reaction, and the anodic reaction is the rather active
electrolytic dissolution, because sufficient current drops
in the anodic part of voltammogram caused by the trans-
ferring into passive state were not detected. The rates of
both reactions depend on the corrosion media, and
chemical composition of electrode material. Further-
more, the rate of hydrogen evolution reaction depends
on the state of the surface. Thus, due to the different
hydrogen overvoltage on variously obtained Co—W alloys
the corrosion potential may vary over some range without
correlation with corrosion rate.

Usually the corrosion current is determined by the
extrapolation current from the Tafel region to corrosion
potential. However, as is shown in Fig. 4, this procedure
might be applied for electrodeposited pure Co and Co-W
alloys containing low content of tungsten (up to 7 at.-%).
When the contents of tungsten in the Co—W alloys are
higher the voltammograms are asymmetric. In these
cases each curve was transformed into Allen-Hickling
coordinates that enable a corrosion rate to be estimated
using a narrow range of potentials. In detail, this method
is described previously.'” The shapes of voltammograms
for Co-W alloys electrodeposited at 20°C are similar
but placed in the range of higher current densities that
result in higher corrosion current densities. The depen-
dencies of corrosion current densities for Co-W alloys
are summarised in Fig. 5. As is seen, the lowest corrosion
currents are obtained for Co-W alloys electrodeposited at
60°C, because those electrodeposited at room tempera-
ture are cracked and can be easily stripped off mechani-
cally. The lowest corrosion current density was observed
for Co-25 at.-% W alloy coating, which is slightly lower
than that of the Co-17 at.-% W coating, i.e. in the
range of contents where thermodynamically stable inter-
metallic compound CosW is formed.'® By increasing
the tungsten content from 23 to 25 at.-%, corrosion cur-
rent densities increase and this can be related to the
change of alloy structure (from crystalline to ‘amor-
phous-like’). The results showed that the Co-W alloy
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12 Effect of the tungsten content in the alloy on the cor-
rosion resistance of the Co-W coatings, deposited at
60 and 20°C temperature

coatings having more than 5 at.-% W can protect the sub-
strates from corrosion better than the Co deposit.

In order to investigate corrosion processes in more
depth, the study by nondestructive EIS, was performed
at OCP and during anodic polarisation of 0.05 and
0.10 V vs. corresponding OCP. The interpretation of
EIS data is built upon a reaction model (or equivalent
circuit) consisting of passive elements connected in
some order. Regardless of the variety of electrode pro-
cesses (deposition and corrosion of metals, electroreduc-
tion of ions, oxide film formation, adsorption
phenomena, etc.) they contain similar stages and com-
prise similar processes such as formation of double elec-
tric layer, the presence of ohmic resistance, charge
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transfer resistance of electrochemical reaction or cor-
rosion resistance, adsorbed layers formed by intermedi-
ates of complex electrochemical reactions either by
protective films, diffusion (transport phenomena) in sol-
utions and in the organic or polymeric films, etc. With
the equations of the model it is then possible to calculate
the electrochemical impedance as a function of fre-
quency and check conformity of experimental data to
the theoretical model. When the electrode reaction
involves only simple charge transfer, the electrode resist-
ance is represented by Rct, and the electrochemical
impedance is analysed by the Randles circuit,” (see
Fig. 6a). In this case the Nyquist plot contains only a
single capacitance arc. Analysis of the ac impedance
spectra in the presence of specific adsorption revealed
that the complex plane showed formation of deformed
semicircles, that might be described by introducing into
the equivalent circuit a constant phase element (CPE).
When the metal dissolution involves a reaction inter-
mediate, the electrode resistance has the time constant
in the dissolution process and is expressed as the fre-
quency-dependent resistance related to a complicated
electrode reaction Me—Me(I),q—Me(I) such as iron
in H,SOy solution.?! It was shown that under some kin-
etic parameters the Faradaic impedance changes sign
and an inductive loop appears.””> This inductive loop,
appearing at low frequencies, is most probably caused
by the relaxation of adsorbed electrochemical species.
Some of the characteristics obtained during EIS in
Nyquist coordinates and fitting results to corresponding
equivalent circuits (shown in Fig. 6) for alloys electrode-
posited at 60°C are presented in Figs. 7-10, that validate
the model describing the corrosion processes. Co-W
alloys deposited at room temperature were investigated
as well but as the adhesion is very poor and no good fit-
ting curves were obtained (see Fig. 11). Thus, EIS reveals
that corrosion of Co and Co-W alloys occurs via an
intermediate adsorption stage.

The values of corrosion resistance (Rco) for Co-W
alloys were extracted from fitting results as a value of
R2. The EIS analysis indicated that the maximum value
of impedance was obtained at 24.8 at.-% W in Co-W
alloy (see Fig. 12). Based on the XRD data published
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23 at-% W

30 at-% W

13 SEM micrographs of the Co-W alloy, deposited at 60°C temperature, after corrosion test in H,SO, at the polarisation at

+0.10V

3at-% W 5.7 at.-% W

25 at.-% W

15 at-% W

14 SEM micrographs revealing the Co-W alloy, deposited at 20°C temperature, structure morphology after corrosion test in

H>SO, solution at the polarisation at +0.10 V

and analysed elswhere,>*'® for Co-W alloys the deposit
has a corrosion resistance maximum corresponding to
transition from polycrystalline to nanocrystalline (‘amor-
phous-like’) structure.

SEM images were taken after the corrosion test in
H,SOy, solution at the polarisation at +0.1 V for Co-W
alloys electrodeposited at 60°C, and are shown in Fig.
13. When the tungsten content in the alloy is lower than
5 at.-%, the deposit layer does not show significant
change in the microstructure and is characterised by sub-
micron fibre morphology. When the tungsten content in
the alloy is higher, the coatings show visible defects and
cracks are formed. It is clearly seen that the propagation
of cracks is along the grain boundaries.

The morphologies of Co-W alloys obtained at room
temperature after the corrosion test show dramatic

changes (Fig. 14): the surface becomes rough and full of
minor cracks.

Investigations by EDS showed that the oxygen content
in the alloy significantly increases after the corrosion
experiments (see Fig. 15). This indicates that the electro-
chemical corrosion process occurs via an intermediate
stage of forming oxide-containing compounds on the
surface.

As follows from the EIS data, the capacitance of the
double electric layer (CPE1) and values of index n close
to 1 (see Table 2) allow calculating the thickness of the
adsorbed oxide layer. As is seen, the double layer capaci-
tance varies in the wide range, but evidently these values
for alloys electrodeposited at 20°C are much higher.

The thickness of the oxide layer and capacitance might
be expressed by the equation applied for a planar
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S
C =¢ge g
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 (gy~ 8.854 X
1072 Fm™); &, is the dielectric constant of Co and W
oxides.
Because the dielectric constants of Co and W signifi-
cantly differ, the total ¢, was calculated using the follow-
ing equation:

& = Xcogcoo + Xwewo,

where X, and Xw are atomic fractions of Co and W in
the alloy, respectively.

Taking e, = 12.9 for CoO and ¢, = 300 for WO3® it was
estimated that the thickness of oxide layer varies from
0.02 to 6 A when tungsten content in the alloy increases
from 2.4 to 24.8 at.-%, respectively (see Fig. 16). Such
values are close to the thickness of the monolayer of
oxides. With a further increase of tungsten content in
the alloy, the thickness of oxide layer on the Co-W
alloy surface decreases. Increasing the tungsten content
in the alloy up to -25 at.-% leads to the formation of
thicker oxide layer on the coating.

Conclusions

Nanocrystalline Co-W coatings with 0-30 at.-% W were
obtained from citrate—borate electrolyte at pH 5.0, 6.0,
6.7 and 8. Alloys electrodeposited at 60°C become ‘amor-
phous-like’ when W content exceeds 20 at.-%, whereas
when deposited at 20°C they gave lower content of W,
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Table2 Extracts from EIS spectra values of CPE and index n
attributed to the capacity of double electric layer for Co, W
and Co-W alloys

Coating CPE1-T/F cm™2 CPE1-P
Electrodeposition at 60°C

Co-2.4 W, OCP 520x107° 0.728
Co-2.4 W, +0.05V 3.32x 1072 0.600
Co-2.4, +0.10V 3.12x 1072 0.633
Co-4.6 W, OCP 9.96x 1072 0.712
Co-4.6 W, +0.05V 267 x1072 0.678
Co-4.6W, +0.10V 3.38x 1072 0.604
Co-7 W, OCP 3.15x 107 0.861
Co-7 W, +0.05V 6.26x 107° 0.824
Co-7W, +0.10V 1.43% 1072 0.943
Co-12 W, OCP 1.58x 107 0.899
Co-12 W, +0.05V 492x107° 0.842
Co-12W, +0.10V 3.73x107° 0.7919
Co-17 W, OCP 215x 107 0.738
Co-17 W, +0.05 V 1.23x107° 0.8534
Co-17 W, +0.10V 9.00x 107* 0.6854
Co-24.8 W, OCP 200x107* 0.809
Co-24.8 W, +0.05V 573x107° 0.859
Co-24.8W, +0.10V 567 x107* 0.912
Co-28 W, OCP 3.69x107* 0.866
Co-28 W, +0.05V 458x107* 0.895
Co-28 W, +0.10V 540x107* 0.922
Co-30 W, OCP 519x107* 0.726
Co-30 W, +0.05V 7.27x107* 0.912
Co-30 W. +0.10V 8.16x 107* 0.923
Electrodeposition at 20°C

Co-3 W, OCP 3.40x 107" 0.666
Co-3W, +0.05V 413x1072 0.557
Co-3W, +0.10V 3.89x 1072 0.634
Co-5.7 W, OCP 3.20x 1072 0.655
Co-5.7 W, +0.05V 537 x1072 0.683
Co-5.7W, +0.10V 499x 1072 0.616
Co-15W, OCP 6.31x 1072 0.654
Co-15W, +0.05V 7.05x 1072 0.554
Co-15W, +0.10V 6.98x 1072 0.459
Co-25 W, OCP 474%x1072 0.583
Co-25W, +0.05V 7.13x 1072 0.678
Co-25W, +0.10V 3.74x107° 0.701

Oxide film thickness/A

o B, N W B U O N

0 24 46 7 12 17 23 248 28 30
Content of W/at.-%

16 Effect of tungsten content in Co—W alloys on oxide layer
thickness forming at the polarisation +0.10 V; Co-W
alloys were deposited at 60°C

i.e. above 13 at.-%. However, alloys electrodeposited at
20°C show poor resistance to corrosion.

Co-W alloys possessing highest corrosion resistance
should be deposited at 60°C and contain 17-24 at.-% of
W, i.e. have a structure close to the intermetallic phase
CosW. The corrosion occurs via an intermediate
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adsorbed stage by forming oxygen-containing com-
pounds; the estimated thickness of the adsorbed layer var-
ies in the range 0-1.6 A.
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Binary Cu-W, Co-W and ternary Co-Cu-W alloy coatings were electrochemically deposited onto stainless steel
substrate from a citrate-borate electrolyte under potentiostatic mode at 20 and 60 °C. The cathodic polarization,
current efficiency of co-deposition, chemical composition and structure of the prepared alloys as a function of de-
position potential and temperature were studied and compared to those of binary Cu-W and Co-W alloys. All de-
posits were of uniform thickness, without cracks and well adhered to the substrate. The cathodic current
efficiency increases with the bath temperature and cathodic deposition potential increase. The polarization stud-
ies revealed that Cu-W alloy deposition starts at more negative potentials than those of Co-W and Co-Cu-W that
leads to the lowest current efficiency for Cu-W (20%) in comparison with up to ~90% obtained for Co-Cu-W and
Co-W alloys electrodeposition. Also, this results in the low W content in the Cu-W coatings (<6 at.%) that strongly
depends on deposition potential and bath temperature. The morphology of deposited coatings depended rather
on electrodeposition conditions than on W content in the alloys. X-ray diffraction analysis indicated that Cu-W
alloy is a solid solution with typical Cu-type face centered cubic (fcc) lattice. Introduction of Co into this alloy re-

Keywords:
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Copper-tungsten alloys
Potentiostatic mode
Ternary alloys

sulted in the formation of additional hexagonal (hpc) Co XRD patterns for ternary Co-Cu-W alloy.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nanocrystalline metal alloys are of special interest in the mate-
rials science due to their enhanced strength, superior hardness, mag-
netic properties and corrosion resistance [1-4]. Such alloys have
become an important component in microelectromechanical sys-
tems (MEMS) [5], for wear protection of cutting tools and for the re-
duction of friction in sliding parts [6]. Mechanical alloying,
sputtering and vapor deposition have been common methods to pro-
duce nanocrystalline materials. However, since the late 1980s elec-
trodeposition has been moved into the commercial production
because of its simplicity and low cost in comparison with the other
methods [7]. There are large number of pure metals, alloys and com-
posites that can be electrodeposited with grain size below 100 nm:
Ni [8], Co [4], Cu-Ni [9], Ni-W [10,11], Co-W [8,11], Fe-W [11], Ni-
Co [4], Ni-Fe [8], Co-Cu [12], Ni-Fe-W [11], Co-W-P [8], etc.
Among them, tungsten alloys are very promising because of their
satisfactory appearance, mechanical, magnetic and anti-corrosion
properties [13,14]. In a large number of works, it was shown that
the hardness of the nanocrystalline Co-W alloy coatings increases
with decreasing grain size and increasing W content in the alloy.

* Corresponding author at: Vilnius University, Naugarduko str. 24, Vilnius, Lithuania.
E-mail address: tintaru@phys.asm.md (N. Tsyntsaru).

http://dx.doi.org/10.1016/j.surfcoat.2016.07.025
0257-8972/© 2016 Elsevier B.V. All rights reserved.

Accordingly, an increase of W content in the alloy significantly im-
proves the corrosion resistance of the nanocrystalline Co-W coatings
[15]. Tungsten content in its turn depends on the current density
[16-18], the bath pH and temperature [13].

For the first time the phenomenon of co-deposition of tungsten with
copper was noted by Vasko [19] and first quantitative data reported in
[20]. This Cu-W alloy is the fourth known electrodeposited binary
alloy of tungsten with a non-iron-group metal. Cu-W thin films can be
very useful for engineering applications because they may provide the
combination of good electrical conductivity, ductility, wear resistance,
low expansion coefficient and excellent strength [21]. Accordingly, it
can be used in manufacture of heavy-duty electrical contacts, resistance
welding electrodes, heat sinks, shaped charge liners, vacuum switches,
contact tips, etc.

It is known, that the introduction of the third element to a binary
system can affect its chemical and structural properties and, thus im-
prove their mechanical properties. It was indicated, that generally W
content in the ternary deposits increases with an increase in its content
in the bath and with an increase in pH, temperature, and current density
[22,23]. The nodular Ni-W-Co alloy surface show a substantial decrease
in microcracks compared to those of Co-W deposit. Fe addition into the
Ni-W alloy effectively reduces the tensile stress in the electrodeposited
layers. Furthermore, the experimental results indicate that Fe-Ni-W
alloy deposits have higher wear resistance under dry sliding condition
than hard chromium deposits [24]. The Ni-Fe-W coating having
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Table 1

Composition of the baths used for electrodeposition of Cu-W, Co-W and Co-Cu-W alloys.
Reagents Concentration, mol-1~!

Cu-W alloy Co-W alloy Co-Cu-W alloy

CuS04-5H,0 0.05 - 0.05
C0S04-7H,0 - 0.2 0.2
Na,WO04-2H,0 0.2 0.2 0.2
CgHgOy (citric acid) 0.04 0.04 0.04
H3BO3 0.65 0.65 0.65
Na3CeHs07-2H,0 025 025 0.25

(tri-sodium citrate dihydrate)

20 at.% of W shows improved mechanical properties [25]. Meanwhile
the values of resistance to corrosion for ternary alloy coatings were
lower compared to those of the Ni-W alloy coatings due to preferential
dissolution of iron from the matrix [11]. Meanwhile the hardness of the
Co-Fe-W alloys containing 30 wt.% of Fe was close to that of electrode-
posited chromium and is corrosion resistance was much better [26]. Be-
sides, it was showed that Co-Fe-W alloys are potential materials for
applications in magnetic devices such as read/write heads and hard
disks [27].

Therefore, we can anticipate that merging the properties of Co-W
and Cu-W alloys in one alloy via the electrodeposition of Co-Cu-W ter-
nary alloy can create a new material to be considered. The main objec-
tives of this research was to electrodeposit Cu-W, Co-W and Co-Cu-W
alloy coatings onto stainless steel substrates from non-toxic citrate
bath and to study the influence of deposition parameters on cathodic
polarization, cathodic current efficiency, composition and structure of
the alloys. Non-volatile citrate electrolytes are attractive for long-term
electrodeposition at higher temperatures [28], therefore they were cho-
sen for W co-deposition with Cu and Co.

2. Material and methods

Co-W, Cu-W and Co-Cu-W deposits were electrodeposited onto
stainless steel (type 304) substrates having low roughness (mean
value R, = 12 nm) from citrate-borate electrolytes under potentiostatic
mode. The compositions of the plating baths are given in Table 1. Pure
Co and Cu were also electrodeposited from the similar electrolyte with-
out sodium tungstate for the comparison with the alloys electrodeposi-
tion. CuSOy4- 5H,S04, CoSO,4-7H,S0,4 and Na,WO,- 2H,S0,4 were used as
the sources of copper, cobalt and tungsten, respectively. Non-toxic tri-
sodium citrate was used as a complexing agent. In addition, it was cho-
sen because of its brightening and buffering actions. Boric acid
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considerably improves the stability of the bath. The pH of the solution
was adjusted to 6.7 4 0.1 by adding concentrated solutions of NaOH
or H,S0,. This value of pH is convenient for study, because this value
is settled exactly after mixing of the components of solution, and was
used in previous work [28]. The temperature of electrolyte was main-
tained at 20 and 60 4 2 °C by means of a water bath.

Electrodeposition was performed in a standard three-electrode cell.
A platinum mesh was used as a counter and saturated Ag/AgCl as refer-
ence electrodes, respectively. All potentials in this paper are given with
respect to the saturated Ag/AgCl electrode. Before the electrodeposition
the stainless steel substrates were washed with detergent and rinsed
with water and acetone using ultrasonic to remove any contaminants
from the surface. In order to improve the adhesion of alloys to the sub-
strates, a nickel seed layer was electrodeposited from an electrolyte
containing 1 M NiCl, and 2.2 M HCl, at a cathodic current density of
10 mA-cm ™2 for 1 min.

The thickness of the coatings was calculated based on gravimetric
and elemental analysis results, and was ~ 10 pm. The cathodic current ef-
ficiencies (CE) were determined based on charge passed, the mass and
chemical composition of the deposited alloys using Faraday's law.

The morphological structure and adhesion by folding of the coatings
were examined by scanning electron microscopes (SEM) using Hitachi
TM3000 and high resolution Hitachi SU-70 instruments. The chemical
composition of the alloys was determined with an energy dispersive
X-ray spectroscopy (EDS) analysis tool attached to the Hitachi SU-70.
EDS analysis was taken over the entire field of view sized at 4000 x
with an accelerating voltage of 20 kV. The crystallographic structure of
the alloys was studied by X-ray diffraction method using Rigaku
MiniFlex II diffractometer using Cu K, radiation (\ = 1.54183 A) at a
constant scan speed in the range of 20 from 30° to 100° at a 0.01° step
and counting time of 540 s. The values of grain size were calculated
based on the broadening of XRD peaks using Sherrer's equation.

3. Results and discussion
3.1. Cathodic polarization curves

Deposition potential is one of the key factors in the electrodeposition
process because it influences the changes in alloy composition and qual-
ity of the obtained coatings [29]. Accordingly, the suitable cathodic po-
tentials for electrodeposition for Cu-W, Co-W and Co-Cu-W coatings
were selected based on the polarization curves. Fig. 1 shows the cathod-
ic polarization curves for individual metals deposition and for the co-de-
position of W alloys at 20 °C and 60 °C from their respective plating
solutions given in Table 1. Note, the curves indicated as W, in fact
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Fig. 1. Cathodic polarization curves for Co, Cu, W (H,) reduction, and Cu-W, Co-W, Co-Cu-W alloys co-deposition at 20 °C and 60 °C.
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Fig. 2. Calculated (dashed lines) and experimentally obtained (straight lines) cathodic polarization curves for Cu-W, Co-W, Co-Cu-W alloys co-deposition.

represent hydrogen evolution only, because pure W cannot be deposit-
ed from aqueous sodium tungstate solutions as well as no tungsten ox-
ides formation was observed. In this case, the current density increases
with an increase in cathodic potential mainly due to the reduction reac-
tion of hydrogen ions that result in H, evolution. The polarization curves
presented in Fig. 1 indicate that Co is electrodepositing as more noble
metal than Cu in the present complex system, because the curve for
pure Co lies at the more positive potentials that for pure Cu. Thus, it is
expected that Cu, being less noble metal in this complex solution, will
be deposited preferentially in the ternary Co-Cu-W alloy. It was also
found that the polarization curves after introducing of W07~ ions into
plating solution at 20 °C demonstrates a depolarization effect and the
currents at the same potential are higher compared to those of pure
metal deposition because of tungsten co-deposition and lower hydro-
gen overvoltage on the tungsten alloys. All polarization curves obtained
at 20 °C have a similar shape, except in the case of Cu-W alloy, at poten-
tials below — 1.15 V the current density does not increase the same way
as it did for other investigated electrolytes. The obtained maximum of
resulting current density might be attributed to the particular sum of
partial current densities of Cu, W and H; and their influence on each
other in the vicinity of the potential —1.15 V. As it can be clearly seen,
the bath temperature has a strong effect on the polarization curves
and, consequently, on the co-deposition process. The current density
shifts to the higher value with increase in the temperature from 20 to
60 °C. During the electrochemical process at elevated temperature, the
curves for Co-W and Co-Cu-W alloys co-deposition are almost identical
as for pure Co deposition. This observation is in agreement with the data
reported in the literature in which the difference between the deposi-
tion of the W alloy and the iron-group metals is very small (about
15 mV) [30]. The curves for pure Cu deposition and Cu-W co-deposition
also are positioned close to each other. It is clearly seen that the
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polarization curves for Cu-W electrodeposition at both temperatures
are shifted towards more negative potential values compared to those
of Co-W and Co-Cu-W, and thus the fraction of tungsten in Cu-W de-
posits is expected to be lower than that of Co-W and Co-Cu-W coatings.
This shift leads to the increasing of the hydrogen evolution rate during
the Cu-W electroplating.

The calculated polarization curves based on the independence of
electrode reactions on each other for alloys co-deposition differ greatly
from the corresponding experimental polarization curves for individual
deposition (Fig. 2). It was depicted that Cu-W, Co-W and Co-Cu-W al-
loys co-deposition at 20 °C starts at more positive potentials than it is
expected based on polarization curves for individual components of
the alloys, indicating more pronounced anomalous co-deposition.
Meanwhile, the calculated polarization curves for Co-W and Co-Cu-W
co-deposition at 60 °C coincide closely with plateaus appearing during
the experiments, especially at more positive potentials. In contrast, the
electrodeposition of Cu-W at elevated temperature occurs at more neg-
ative potentials compared to those of calculated ones.

3.2. Elemental analysis of alloys

The dependence of the tungsten content in the electrodeposited Cu-
W, Co-W and Co-Cu-W alloy coatings was investigated as a function of
the cathodic potential. As it can be seen from Fig. 3, W content in all de-
posits obtained at 20 °C, increases gradually with the change of deposi-
tion potential from —0.7 to —1.0 V, and tungsten content remains
almost constant at more negative cathodic potentials. Though, the tung-
sten content in the Cu-W deposits obtained at 20 °C in the whole range
of cathodic potential was anomalously low, <1 at.% and the precise W
amount in the coatings is rather difficult to quantify. Nevertheless, the
XRD data (Fig. 11) depict the shift of diffraction peaks for Cu-W alloy
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Fig. 3. Compositions of Cu-W, Co-Cu-W and Co-W alloys electrodeposited at 20 °C and 60 °C.
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Fig. 4. Effect of bath temperature on tungsten content in the Cu-W alloy coating.

in comparison with pure Cu to lower 20 that is linked with the presence
of W in the alloy, and its incorporation into the Cu lattice.

After introduction of Co into the Cu-W alloy the content of W in the
alloys increases (~4 at.%) and does not change with the increase in ca-
thodic potential during the electrodeposition process, while the high
content of tungsten even at low temperature was observed during Co-
W alloy deposition (up to 18 at.%). It is known, that the bath tempera-
ture strongly affects the composition of the deposits. It was reported
that the highest W content in the Co-W deposit was achieved at low
temperature [18]. In contrary [13], it was found that the percentage of
the tungsten in the alloy increases with increasing the bath temperature
up to 50 °C. In this study, EDS analysis also exhibited an increase in the
W content of Cu-W, Co-W and Co-Cu-W deposits with increase in the
temperature of the electrolyte. In the case of Cu-W alloy, W content in
the deposit obtained at higher temperature (60 °C) increases from 0.5
to 6 at.% in the cathodic potential range between —0.8 and — 1.1V,
and reaches a maximum at — 1.1V, then slowly decreases to 0.9 at.%
with increasing the cathodic potential from —1.1 to —1.4 V. Below
— 0.8 V only pure copper deposit was formed. The effect of the plating
bath temperature on the Cu-W alloy electrodeposited at potential
—1.1 V (there the highest W amount was observed) is shown in Fig.
4. 1t is apparent that with increasing the bath temperature from 20 to
40 °C tungsten content in the Cu-W alloy sharply increases from ~0.5
to 6 at.%. With the further increase of temperature the composition of
Cu-W coating is almost the same and at 60 °C the W percentage in the
deposits does not exceed 6 at.%. On the contrary, during the Co-Cu-W
alloy deposition W content in the alloy continuously increases from 4
to 10 at.% in the whole investigated temperature range (Fig. 5). Mean-
while Cu content in the deposit gradually decreased and Co content in
the deposit slightly increased with increasing bath temperature from
20 to 55 °C. With the further increase in bath temperature up to 60 °C,
this tendency has been changed and Cu content in the ternary alloy in-
creased up to 50 at.% and Co percentage decreased to 40 at.%. The rela-
tionship between W content in the Co-Cu-W alloy and applied
cathodic potential at elevated temperature is given in Fig. 3. With the
decrease in deposition potential from —0.7 to — 1.0 V a significant in-
crease in W percentage in the coating was observed and then it becomes
almost stable regardless of the applied deposition potential value. It is
seen, that a similar correlation between W amount and deposition po-
tential was observed for Co-W alloy coatings obtained at 60 °C. Actually,
in this case W content increases even more steeply in the cathodic po-
tential ranged from — 0.7 to —1.0 V.

According to the results mentioned above, an increase in cathodic
potential leads to a growth in the tungsten content in the deposited
coating. On the other hand, under the fixed potential, the content of
the element in the alloy is dependent upon the composition of the
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Fig. 5. Relationship between bath temperature and Co, Cu, W content (in at.%) in the Co-
Cu-W alloy coatings obtained at —1.2 V.

electrolyte. So those experiments were also conducted at a fixed
CoS0,4 and Na,WO, concentrations in the presence of different Cu(Il)
ion concentrations in the plating solution in order to examine the effect
of Cu co-deposition on ternary Co-Cu-W alloy formation at — 1.1V, as at
this potential the highest content of W in Cu-W deposit was observed.
The influence of Cu(Il) at concentrations, ranging from of 0.005 to
0.1 mol-17!, while the concentrations of the other components main-
tained constant at 0.2 mol-1~! CoSO4 and 0.2 mol-1~" Na,WO, is pre-
sented in Fig. 6. It is shown that the Cu content in the deposit
gradually increases almost linearly from 10 to ~60 at.% with the Cu(II)
ion concentration in the electrolyte, in the range from 0.005 to
0.075 mol-1~". The further increase in Cu(II) ion concentration in the
solution does not affect the Co-Cu-W alloy composition. The increase
of Cu(Il) concentration in the electrolyte causes the decreasing of Co
and W content in the deposits at a given potential. W content in the
Co-Cu-W coatings obtained at 60 °C decreases 4 times with increasing
the CuSO, concentration in the plating bath from 0 to 0.075 mol-1~".
Whereas in the same concentration range W percentage in the Co-Cu-
W alloys deposited at 20 °C decreases up to 10 times.
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Fig. 6. Effect of CuSO,4 concentration on the tungsten content in the Co-Cu-W alloy coating.
The dashed lines illustrate the composition of the coatings obtained at 20 °C and solid lines
-at60 °C.
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Fig. 7. Current efficiencies for the deposition of Cu-W, Co-Cu-W and Co-W alloys at 20 °C and 60 °C.

Usually, when W content in the Co-W deposits is in the range of 14—
20 at.% the current efficiencies are close to 50% [31]. Meanwhile in [17]
the maximal cathodic current efficiency as 27.5% was found when the
W content in the deposit was 20 at.%. Then the higher W content
(~30 at.%) in the alloy causes a lower overvoltage for hydrogen evolu-
tion and the current efficiency significantly decreases and in most
cases does not exceed 20%. In this study, the results of the calculated ca-
thodic current efficiencies for Cu-W, Co-Cu-W and Co-W alloy coatings
electrodeposition at different temperatures are presented in Fig. 7. As it
can be seen, that the higher temperature during electrodeposition pos-
itively influences the current efficiency of the metallic phase deposition
processes. It seems that at elevated temperature the W transport to the
cathodic surface is faster due to the higher mobility of the ions and
lower viscosity of the plating solution, so that the co-deposition of W
films is much easier [32]. Meanwhile in this work the current efficiency
depends rather on the alloy composition rather than on the bath tem-
perature. It was indicated, that current efficiency decreases as the ca-
thodic potential increases and higher amount of tungsten in the
coatings is deposited (Fig. 8). A similar behavior was observed by
Oliveira et al. [33] during electrodeposition of Ni-Fe-W alloys. They re-
ported that increase in W content in the deposit approximately from 29
to 46 at.% results the decrease in cathodic current efficiency from 34% up
to 22%.
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Meanwhile in the studied systems the current efficiency depends
rather on the alloy type and composition rather than on the tempera-
ture. In addition, the current efficiency decreases with increase of ca-
thodic potential and higher amount of tungsten in the coatings is
codeposited (Fig. 8). A similar behavior was observed by Oliveira et al.
[33] during electrodeposition of Ni-Fe-W alloys. They reported that in-
crease in W content in the deposit approximately from 29 to 46 at.% re-
sults in the decrease of cathodic current efficiency from 34% up to 22%.

These results correspond with the earlier findings confirming that
iron group metal deposition is hindered by tungstate ions [17]. The de-
crease in cathodic current efficiency with increasing the cathodic poten-
tial is attributed to the higher hydrogen overvoltage than overvoltage of
co-depositing metals at the given potential. At the higher values of elec-
trode polarizations the exponential grow of partial current density for
hydrogen is steeper than that for partial current densities of metals.
Therefore, the highest current efficiency (~90% for Co-W and Co-Cu-W
alloys) was determined for the coatings consisted practically of pure
Co and Cu that were obtained at — 0.7 V. The higher W percentage
was observed for the Cu-W, Co-W, Co-Cu-W alloy coatings deposited
in the potential range from —1.0to —1.4 V.

With an increase the cathodic potential from —0.7 Vto —1.4 V the
Faradaic efficiency decreases from ~90 to 60%. Anyway, even this
value is relatively higher in comparison to those calculated for Ni-Fe-
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Fig. 8. Effect of tungsten content in the Cu-W, Co-Cu-W and Co-W alloy coatings on current efficiency.
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W - 38% in [25] and 46% in [34]. In this study, no significant difference
was observed in the current efficiency between Co-W and Co-Cu-W
electrodeposition in the entire studied potentials range.

In the case of Cu-W, the electrodeposition of alloy begins at more
negative potentials which leads to the lower current efficiency than
that for Co-W and Co-Cu-W deposition. The relationships between ca-
thodic current efficiency and applied deposition potential for all investi-
gated systems were similar at temperatures 20 and 60 °C.

3.3. Surface morphology of alloys

SEM images of the various compositions Cu-W, Co-W and Co-Cu-W
alloys deposited at 20 and 60 °C are shown in Table 2. In general, all
coatings have uniform thickness. The roughness of coatings was mea-
sured by means of AFM and determined that in all cases the values of
mean roughness R, are below 200 nm. Taking into account that the
total thickness of the coatings is ~10 pm, so the uniformity of coatings
thickness is estimated as no <98%.

The electrodeposited alloys adhere well to substrate. The deposits
can be folded without evident peeling. Only some cracks may appear
in the folding area. The typical test result is shown in Fig. 9.

The variety in the morphology of the deposits having the similar W
content was noticed. When the percentage of W is lower than 5 at.%,

Table 2
SEM images of electrodeposited Cu-W, Co-W and Co-Cu-W alloys at 20 °C and 60 °C.

the Cu-W coatings are porous, and rough cauliflower-type nodules are
formed that are similar to that of pure copper Fig. 10 (a). Each nodule
could contain several smaller elements (fracture-like morphology).
Meanwhile, the morphology of the surface changed after the incorpora-
tion of Co into the alloy composition. The bigger semi-spherical cauli-
flower-like clusters are dominant for the dark grey Co-Cu-W coating
morphology when W percentage in the alloy is <5 at.%. The cauliflow-
er-type morphology is typical for the relatively low W containing alloys
and has been observed also by Della Noce et al. [27] in Co-Fe-W alloys
containing 4.5-9 at.% of W, and by Oliveira et al. [33] in Ni-Fe-W de-
posits containing ~14-20 at.% of W; M. Spasojevic et al. reported that
Ni-Fe-W coatings with the much lower amount of W (~1 wt.%) had a
globular structure containing a large number of craters, mostly located
between the globules [35]. The cauliflower-like nodules size can be de-
creased by increasing the current density and bath temperature, which
promotes an increase in microhardness. Whereas the Co-W deposits
containing ~5 at.% of W consist of randomly orientated needle-like crys-
tallites resembling that of pure Co coating Fig. 10 (b). When the W con-
tent in deposits exceeds 10 at.%, the ternary Co-Cu-W alloy coating is
characterized by columnar morphology consisted of irregular size crys-
tallites. At the higher W content needle-like Co-W alloy structure is dis-
appeared as well, and the coating is consisted of densely packed tri-
pyramidal grains.
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55C0-40Cu-5W

Fig. 9. SEM image of a folded sheet coated by 55C0-40Cu-5W alloy (in at.%) alloy deposited
at 20 °C Thickness of deposit ~10 pm.

3.4. Analysis of XRD patterns

The phase composition of Cu-W, Co-Cu-W and Co-W alloys contain-
ing various amounts of W as well as that of the pure Co and Cu was in-
vestigated using X-ray diffraction method (XRD) (Fig. 11). As can be
seen, the pure Co electrodeposit has hexagonal (hpc) lattice with re-
markable {110} texture orientation. Diffraction patterns of pure Cu
show the peaks characteristic for face-centered cubic (fcc) lattice: Cu
{111}, {200}, {220}, and {311} while during co-deposition of W, the
Cu-W solid solution with typical Cu-type cubic lattice was formed. Ac-
cording to [20] the Cu-W alloy containing 10 at.% of W consists of the
polycrystalline copper with preferred orientation {111} incorporated
into amorphous-like phase containing tungsten. The asymmetry of the
Cu {111} signal for Cu-W alloy is caused by the appearance of the
broad diffraction peak attributed to W {110}. This would confirm the
amorphous-like character of the tungsten structure in the layer. Howev-
er, in our case of electrodeposited Cu-W alloys, no peaks attributed to W
phase were found in the XRD patterns. The XRD patterns indicated that
Cu-W alloys with low W content (<1 at.%) exhibits dominating of Cu
{111} texture, whereas the fractions of Cu {200}, {220} and {311} are
smaller. The further increase in W content (up to 6 at.%) caused a de-
crease in intensity of Cu {111} peak while that of Cu {200}, {200} and
{311} peaks remained nearly the same. All peaks were of similar inten-
sity that suggests a less textured structure. Based on the results
discussed above, it can be concluded that W atoms are considered as
the solutes, expected to be randomly distributed in the (fcc) Cu crystal
lattice. In addition, the small shift to lower 20 values was determined.
It is attributed with incorporation of W atoms into Cu lattice that
cause the changes of lattice parameter.

While after the incorporation of Co into the Cu-W alloy XRD patterns
showed the formation of peaks corresponding to (fcc) Cu phase and

Co-35Cu-14W at 60°C

- -_

Co-68Cu-3W at 209%

P Co-15W at 20°C

Co-5W at 20°C _h

Cu-6W at 60°C l

Cu-0,5W at 20°C

Intensity, a.u.

_AC P
(111)

2 (200) (220)

- 5 @11)
Cu at 60°C s ot
(110)
(100)  (002)
Co at 60°C
AL
40 60 80

20 (degree)

Fig. 11. XRD diffractograms of electrodeposited Co and Cu, and for W alloys having
different compositions (in at.%). (1) Co, (2) Cu, (3) Cu-0.5W, (4) Cu-6W, (5) Co-5W, (6)
Co-15W, (7) 29Co-68Cu-3W, (8) 51Co-35Cu-14W. Peaks were identified based on
JCPDS cards (no. 7440-48-4).

additional lines that can be indexed considering the formation of W
solid solution in (hpc) Co, and it is supported by the fact that solubility
limit of W in Co is 17.5 at.% [28]. The crystalline structures of the Co-Cu-
W alloys depend on the composition of the alloys. According to XRD
data the largest amount of the (fcc) Cu phase was formed in the deposit
obtained at — 0.8 V, i.e. for the coating containing 68 at.% of Cuand 3 at.%
of W. In this case the peaks revealed that Co-Cu-W alloy contains the
significant amount of (fcc) of Cu {111} and diminutive amounts of Cu
{200}, {220} an (hpc) Co {100}. The lines attributed to (fcc) Cu {111}
and {200} disappear with increase of tungsten content in Co-Cu-W al-
loys up to 14 at.%. Additionally, the XRD pattern illustrates a slight
shift of Cu {220} and Co {100} peaks position compared to those of
29C0-68Cu-3W deposit probably due to Co incorporation into crystal-
line lattice of Cu. Both mentioned ternary alloys exhibit crystallographic
structure regardless on their composition. On the contrary, the XRD
diffractrograms of Co-W alloy show the microstructure changes as a

Fig. 10. SEM micrographs of electrodeposited pure (a) copper and (b) cobalt.

144



1348 E. Vernickaite et al. / Surface & Coatings Technology 307 (2016) 1341-1349

function of W content in the deposit: for tungsten content of 14 at.%, the
(hpc) Co {100} phase in Co-W alloy is dominating and it is seen in the
diffractogram with an increase in W content (>14 at.%) when only the
one broad peak occurs and the microstructure becomes “amorphous-
like” (nanocrystalline), as it was reported [27] for W amounts
<20 at.%. With an increase in W content, the CosW phase becomes
more pronounced, while the hexagonal Co phase diminishes. For a W
content of 25 wt.%, the microstructure contains a mixture of CosW
and Co;Ws, and no traces of the pure Co phase was seen [18]. It is
known that the broadening of XRD peaks is attributed to a decrease in
grain size [28]. Interestingly, it was presented that the transformation
from crystalline Co-W alloy structure to “amorphous-like” appears at
higher W content (>30 at.%) and a grain size is <2 nm [18]. In the case
of Cu-W the values of grain size decreases from 37 nm (for pure Cu)
to 10 nm (for Cu-W containing 6 at.% of W).

4. Conclusions

Uniform and well-adherent Cu-W, Co-W and Co-Cu-W alloy coat-
ings were deposited from citrate-borate electrolyte under potentiostatic
mode at 20 and 60 °C. The cathodic polarization, current efficiency of co-
deposition, composition and structure of the prepared alloys as a func-
tion of deposition potential and temperature were studied. Based on
the obtained experimental data the following conclusions can be
drawn:

Deposition of Co-W and Co-Cu-W alloys starts at more positive poten-
tials than that was expected based on the parent metals of the alloys
electrodeposition, whereas Cu-W electrodeposition occurs at more
negative potential compared to those of Co-W and Co-Cu-W. After in-
creasing, the bath temperature from 20 to 60 °C a depolarization effect
was observed and the deposition potential for all investigated W al-
loys shifted towards the more positive direction.

In general, W content in the alloys increased with increasing the ca-
thodic deposition potential from —0.7 V to — 1.0 V and then remains
almost constant regardless of the applied potential. At elevated tem-
peratures the percentage of W in the alloys increases. The highest
amount of W that co-deposits with Cu reached 6 at.% and it strongly
depends on the deposition potential. After the introduction of Co
into Cu-W alloy, the amount of W increased up to 14 at.%. W content
in the ternary alloy decreased with increasing Cu(Il) concentration in
the electrolyte.

The cathodic current efficiency depends rather on the alloys composi-
tion than on the bath temperature. It decreased with increasing the
cathodic potential when the higher amount of tungsten in the coat-
ings was detected. The calculated current efficiencies varied from
20% for Cu-W to ~90% for Co-Cu-W alloys.

When W amount is lower than 5 at.%, Cu-W coatings consisted of
granular clusters, that became even larger after the introduction of
Co into the Cu-W alloy. The grain size of Cu-W alloy decreased as
the W percentage in the composition increased (~6 at.%). After an in-
crease of W percentage in the composition up to 10 at.%, the morphol-
ogy of Co-Cu-W deposit transformed from nodular to columnar
structure having irregular crystallite size.

» XRD analysis indicated that Cu-W alloy is a solid solution with typical
Cu-type face centered cubic (fcc) lattice. Introduction of Co into this
alloy resulted in the formation of additional hexagonal (hpc) Co pat-
terns that can be identified as W solid solution in hpc Co.
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Abstract: Corrosion is responsible for industrial maintenance and industrial accidents costs. A helpful way to
prevent corrosion is to develop advanced materials with highly anti-corrosive properties. The electrodeposition is
one of the most attractive methods for obtaining these materials. This work deals with evaluation of the
tribological and corrosion behaviour of electrodeposited Fe-W and Fe-W-P alloys. Electrodeposits were obtained
from 4 different baths and were characterized by means of scanning electron microscopy; X-ray dispersive energy
spectroscopy; X-ray diffraction spectroscopy. The hardness was determined by Micro-indentation carried out at
normal forces varying from 98 mN up to 980 mN with a loading rate of 1961 mN/min. A ball-disc tribometer was
used to study the tribological properties at 90 °C. A diamond indenter, having a radius of 100 um, was used to
carry the scratch test. Corrosion behaviour was studied using polarization and electrochemical impedance
spectroscopy technique. It was investigated that in all cases Fe-W and Fe-W-P alloy coatings exhibit greater
micro-hardness than the stainless steel substrate. The amorphous-like ternary Fe-W-P alloy coatings demonstrate
higher wear and corrosion resistance and lower friction coefficient compared to binary Fe-W alloy coating.

Keywords: iron-based alloys, electrodeposition, tribology, wear, hardness, corrosion.

1. INTRODUCTION

Electrodeposited nanostructured tungsten alloys with iron-group metals are attractive because of
tunable mechanical, chemical and magnetic properties, and can be electrodeposited from a number of
solutions using various electrodeposition modes [1]. The electrodeposited Fe-W alloys containing
higher amount of tungsten are “amorphous-like” and remain nanocrystalline after annealing up to
800 °C. After heating at 1000 °C, the nanocrystalline structure transforms into a microcrystalline one,
and three phases are formed, namely FeWO,, Fe, and possibly Fe,W [2].

The Fe—W coatings undergo a high degree of wear resulting from the oxidation of the surface and may
be considered as alternative to the chromium coatings, which are formed in the hazardous process
based on hexavalent chromium [3, 4]. It should be taken into account that features of a sliding system
depend on a variety of interrelated mechanical, chemical, physical, and surface properties of materials
and surfaces. Tribological behavior largely depends on the crystal structure. When percent of tungsten
in iron-group alloys reaches more than 22 at. % its grain size become less than 10 nm, which leads to
enhances the hardness of the coating [5]. It has been shown that the nanohardness of as-plated Fe-W
with 29 at. % coatings reaches 13 GPa that is comparable to the hardness of electrodeposited
chromium [2]. The study of the tribological and mechanical properties of the multilayer Fe-W/Cu
coatings by means of electrodeposition leads to the improvement of the wear characteristics of the
coatings even at dry friction and at a sufficiently high load of 10 N. Investigations of wear resistance
of Fe-W alloy at dry friction and in presence of oil were performed and described in [6]. The specific
feature of Co-W and Fe-W alloys under dry friction consists in the formation of oxide layer that
results in a faster wear, especially in the case of Fe-W alloys, nevertheless that the W content is similar
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in Fe-W and Co-W alloys. The presence of oils substantially decreases oxygen’s access to the contact
areas and reduces wear of such alloys.

An addition of tungsten in the alloys apparently increases the chemical resistance [7]. This and lower
overvoltage for anodic oxidation of methanol in sulfuric acid medium opens perspectives to Fe-W
alloys to use its in the fuel cells [8]. It was shown that the presence of tungsten in same binary system
results in improvement on corrosion resistance. In the case of Ni-Fe-W alloys, the maximal corrosion
resistance is obtained for alloys having tungsten up to 9.2 at. %. However, the charge transfer
resistance values of ternary alloy coatings were lower compared to those of the binary alloy coatings
due to preferential dissolution of iron from the matrix [9]. These results show that same ternary alloys
(Fe-W-Co/Ni) are potential materials for applications in magnetic devices [10]. Also, Fe-W alloys
have attracted magnetic properties, electrical resistivity, and reduced films stress that allows using it as
new material in micro-/nano-electromechanical systems (MEMS/NEMS) [11].

Recent researches show that the presence of phosphorus in iron alloys influences on tribological
properties and its corrosion resistance [12]. The amorphous Ni-W-P alloy with high strength properties
was obtained [13, 14]. Introduction of phosphorous into the alloys, for example Co-W, eliminates the
cracks even at higher current densities applied for electrodeposition [15].

The aim of this work is to obtain Fe-W and Fe-W-P coatings from different electrolytes and to
evaluate their tribological properties and corrosion behaviour.

2. EXPERIMENTAL

The solutions were prepared by dissolving appropriate amounts of chemicals in distilled water and the
pH 8.5 was adjusted by additions of concentrated H,SO,. Electrodeposition of thin films was
performed at 70 °C temperature in a typical three-electrode cell under direct current mode at
30 mA/cm? A graphite and Ag/AgCl electrode were used as a counter electrode and a reference
electrode, respectively. All potential values are expressed versus the Ag/AgCI electrode. The
electrodeposition of Fe, Fe-W and Fe-W-P layers were carried out on the stainless steel (Type 304)
substrate. Before the experiments the working electrode was rinsed with acetone and 0.1 M H,SO,
solution under ultrasound irritation. The thickness of the electrodeposits was calculated from
gravimetric and elemental analysis data.

The phase composition and microstructure of the deposited alloys were identified by X-ray
diffractometer (XRD, Rigaku MiniFlex Il) and scanning electron microscope (SEM, Hitachi TM-
3000), supplied with an Oxford EDS analyzer.

Hardness was determined by Micro-indentation (Micro Combi Tester, CSM Instruments) carried out
at normal forces varying from 98 mN up to 980 mN with a loading rate of 1961.4 mN/min. The
indenter was a Vickers shaped tip with a centreline-to-face angle of 68. A ball-disc tribometer
(TRM 500, WAZAU) was used to study the tribological properties at 90 °C. The ball, designed with
100Cr6 steel, have 6 mm diameter. The normal load applied on the contact was about 5 N and average
linear velocity was estimated by 0.125 m/s. A diamond Rockwell indenter, having a radius of 100 pm,
was used to carry on the scratch test. The wear path was characterized by optical microscopy (Eclipse
MAZ100, Nikon).

Electrochemical corrosion measurements of obtained coatings were performed in the mixture 0.012 M
Na,SO, and 0.027 M NaCl (pH 5) at 90 °C. The solution was open to air. The exposed area of the
sample was 1 cm? The corrosion tests were performed by means of voltammetry and electrochemical
impedance spectroscopy (EIS), recorded at open circuit potential (OCP). The investigations were
carried out using AUTOLAB system and GPES and FRA 4.9 software. The registration of EIS and
voltammetric data was started after stabilization of the open circuit potential within 15 minutes in the
test solution. The amplitude of the modulation potential for the EIS measurements was 5 mV, and the
frequency range was 10 kHz-0.01 Hz.
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3. RESULTS AND DISCUSSION

Composition and morphology of Fe-alloys. Fe, Fe-W and Fe-W-P thin films were electrodeposited
from citrate-containing baths, which compositions are given in Table 1. The SEM images of
electrodeposited Fe-W, Fe-W-P alloys and their compositions are shown in Table 2. As it can be seen,
the coatings possess micro-granular structure, and Fe-W contains ~25 at. % of W whereas the W
content in electrodeposited Fe-W-P alloys contains ~26 at. % of W. Also it was indicated, that wetting
and brightening agents presenting in the bath (Bath 4) slightly increases the phosphorous percentage in
the deposit. Fe-W and Fe-W-P alloy coatings are uniform and free of cracks. It is clearly seen that
even a small amount of phosphorous in the composition (1-1.6 at. %) leads to refining the structure
and the deposits become tight, compact and dense.

Table 1. Composition of the baths used for the electrodeposition of Fe-W (Bath 1, 2) and Fe-W-P (Bath 3, 4).

Electrolyte content Bath 1 Bath 2 Bath 3 Bath 4
Na,W0O,-2H,0 (sodium tungstate), M 0.2 0.4 0.4 0.4
FeSO4-7H,0 (iron ulfate), M 0.02 0.2 0.2 0.2
NazCeHs0;-2H,0 (tri-sodium citrate), M 0.2 0.33 0.33 0.33
CeHgO7-H,0 (citric acid), M - 0.17 0.17 -
H3BO;z(boric acid), M 0.16 - - -
H,NaO,P-H,0 (sodium hypophosphite), M - - 0.02 0.02
H3PO,4 (phosphoric acid), g/L 7.69 - - -
C4H140; (butindiol 1,4), pg/l - - - 50
Wetting agent Rokafenol N-10, pg/l - - - 100

Table 2. The micrographs of as-deposited Fe-W and Fe-W-P alloy coatings.

Composition, . Composition,
inat. % SEM image in at. %
Fe-72.7 Fe-74.7
W-24.3 W-25.3
Fe-72.1 Fe-72.7
W-26.8 W-25.6
P-1.11 P-1.56

Mechanical and tribological properties. Micro-indentation test shows an increase of micro-hardness
for all coated sample compared to 304-type stainless steel substrate. The hardest coating was obtained
from Bath 2 and had a micro-hardness of 725 HV (Figure 1). Figure 2 shows the evolution of friction
coefficient with sliding distance for all prepared coatings. The lowest friction coefficient was recorded
for the Fe-P-W sample obtained from Bath 4 (containing wetting and brightening agents) and most of
the electrochemically prepared samples presented lower friction coefficients than the 304-type
stainless steel substrate.

The scratch test profiles were taken for all deposited samples too. It was noticed that coatings prepared
using Bath 1 were the most brittle and cracks spread quickly causing damages on the surface. Samples
prepared from Bath 3 and 4 were more stable and the density of cracks is lower (Figure 3). It seems
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that phosphorous leads to the formation of more wear resistant coating and enhance the adhesion to the
substrate.

Corrosion behaviour. The aim of these experiments was to study the corrosion parameters of pure Fe,
Fe-W and Fe-W-P alloy coatings and compare the results to those of 304-type stainless steel.
According to the results discussed above, Bath 4 was selected for pure Fe deposition (electrolyte
without Na,WO,2H,0 and H,NaO,P-H,0), Fe-W (electrolyte without H,NaO,P-H,0) and Fe-W-P
electrodeposition. Electrochemical corrosion measurements of obtained coatings were performed in
0,012 M Na,SO,4 and 0,027 M NaCl solution (pH 5) at 90 °C. Table 3 presents the SEM micrographs
of as deposited Fe, Fe-W and Fe-W-P coatings and morphology of specimens after the corrosion test.
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7 B 2
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3 3 304L
= 600 o 0.15
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O —
S 400 ©0.1 ¢
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Figure 1. The micro-hardness of as-deposited coatings.
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Bath 4
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Figure 2. Friction coefficient evolution with sliding

distance.

’I;ath 1 4
Figure 3. Multi-focus images of the scratch test profiles after exceeding the critical load.

It is seen, that the surface structure after the corrosion experiments in aggressive media significantly
changed: granular structure was destroyed and the dense cracks are visible. Investigations also showed
that oxygen content in the alloy significantly increases after corrosion experiments.

XRD patterns of as-deposited pure Fe, Fe-W and Fe-W-P alloy coatings are shown in Figure 3.
Results indicate that the pure Fe coating exhibit texture with preferred orientation of {211}
crystallographic plane. The high content of tungsten in the alloy after electrodeposition causes a
significant decrease of grain size and formation of an XRD amorphous-like phase.
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Table 3. The micrographs of as-deposited Fe, Fe-W and Fe-W-P alloy coatings. Composition is given in at. %.

As-deposited After corrosion test
Composition SEM image Composition SEM image
Fe —100 St A Fe —100
0-5.62 0-226
Fe-944 Fe-774
W-33.1 g T W - 469
Fe - 66.9 Fe-53.1
O -26.6 0-711
W-4138 W-13.2
Fe-315 Fe-15.7
W-345 W -33.7
Fe-63.9 Fe - 60.5
P - 1.60 P-581
0-232 0-68.8
W -26.4 W -10.2
Fe-49.2 Fe-19.5
P -1.200 P-155
Fe (211)
o )
= = Fe-34 W-1.4 P
£ (200) oy e-3
2 (110 2
2 2
£ £ Fe-33 W
40 5‘0 60 7‘0 s;o 90 100 20 30 40 50 60 70 8 90 100
20 (degree) 20 (degree)

Figure 3. XRD diffraction pattern for pure Fe, Fe-W and Fe-W-P alloy coatings. Composition is given in at. %.

Polarization curves of the specimens tested in 0.012 M Na,SO, and 0.027 M NaCl solution (pH 5) at
90 °C are shown in Figure 4.
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Figure 4. E vs log i plots for 304-type stainless steel, pure Fe, Fe-W and Fe-W-P coatings. Composition is given
in at. %.
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The polarization curves can be summarised in terms of E.o, and i, Which were calculated using
Tafel fit and Allen-Hickling equation, and obtained data is summarized in Table 4. It has been found
that adding phosphorous into alloys, and electrodeposited ternary Fe-W-P alloy surface shows nobler
Ecor and the lowest i, and thus potentially better corrosion resistance in the tested media.

Table 4. Extracted corrosion parameters from E vs. log i plots in Figure 4.

Coating Ecorr, V Teorrs AlCM? Rugrr, Q-0m°
Stainless steel -0.039 9.09 - 107 6567
Fe -0.616 39-10° 335.9
Fe-33 W -0.746 4.32.10° 380.7
Fe-34 W-1.4 P -0.613 1.81-10° 388.9

Electrochemical impedance spectroscopy (EIS) data have been obtained in order to investigate the
performance of electrodeposited thin films in media containing CI" and SO,%. Nyquist plots for
stainless steel, electrodeposited pure Fe, Fe-W and Fe-W-P coatings are shown in Figure 5. The dots
indicated measured data while lines present best-fit data based on electric circuits shown in Figure 6.
Impedance data were fitted using different electrical equivalent circuit models to interpret the
COrrosion resistance processes.
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Figure 5. EIS Nyquist plots for stainless steel, pure Co and Fe-W, Fe-W-P alloy coatings in 0.012 M Na,SO, +
0.027 M NaCl (pH 5) solution at OCP. Composition is given in at. %. Equivalent circuit model for stainless steel
and Fe-W electrodeposit is given in Figure 6 c; for pure Co — in Figure 6b; for Fe-W-P — in Figure 6 a.

R1 CPE1 Ri CPEd R1 CPE1
Y fRiZ | RZ CPE2 R2 R3
CPE2
a b o

Figure 6. Equivalent circuits of the cell for impedance measurements. R1 - solution resistance; CPE1 - a
constant phase element; R2 - charge transfer resistance; CPE2 — the absorption-related constant phase element;
R3 — the absorption-related resistance.

Reorr values extracted from Nyquist’s plots are shown in Table 4. The diameter of medium-frequency
capacitive loops is considered as Rer. The ternary Fe-W-P alloy coating demonstrated the higher
corrosion resistance than pure Fe and Fe-W electrodeposit. The highest Re, Value was obtained for
stainless steel substrate. The used equivalent circuit for fitting of EIS data suppose the complicated
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mechanism of alloy corrosion involving intermediate stages probably containing adsorbed oxygen
compounds; that can explain an increase in oxygen content in the alloys and some changes in tungsten
content obtained after corrosion tests.

3. CONCLUSIONS

1. Homogenous and compact Fe-W and Fe-W-P alloy cracks-free coatings containing the high
amount of tungsten (24-25 at. %) were deposited from four different plating baths (Table 1). It
was indicated that wetting and brightening agents presenting in the plating bath slightly
increase the phosphorous percentage in the Fe-W-P deposit. Even a small amount of
phosphorous in the composition (1-1.6 at. %) leads to refining the structure.

2. It was found that the hardest Fe-W coating was obtained from Bath 2 and had a micro-
hardness of 725 HV. Meanwhile, the lowest friction coefficient was recorded for Fe-W-P
sample deposited from Bath 4.

3. Three coatings of pure Fe, Fe-W and Fe-W-P were chosen to evaluate the corrosion behaviour
and the results were compared with those of stainless steel. It was found that the Fe-W-P alloy
possesses the highest corrosion resistance among pure Fe, and amorphous-like Fe-W.
However, cast stainless steel of Type 304 possesses less corrosion current and higher
corrosion resistance than deposited Fe-W and Fe-P-W alloys.
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Co-W nanowires were fabricated by pulsed electrodeposition from a citrate-glycine electrolyte onto rotating cylinder electrodes
and into nanoporous polycarbonate membranes. The characterization of the electrodeposition conditions and alloy composition
of electrodeposited Co-W alloy thin films were determined and used to guide conditions to electrodeposit the nanowires. Gold
nanoparticles of 50 nm size were also added to the electrolyte and deposited during electrodeposition of the Co-W alloy nanowires,
embedded within, and attached to the nanowire tip, introducing a novel procedure to attached nanoparticles onto nanowires.
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Nano-electrodes can be used for various sensing applications, and
they can be easily integrated in micro- and nano-scale devices.' The
sensitivity of nano-electrodes depends on the diameter of electrode
tip, and the highest sensitivity is observed by most electrochemical
methods if the diameter of the working electrode tip is on the same
order of the molecular species being detected. To this end, nano-gaping
technology has been applied for the fabrication of nano-electrodes that
are based on FIB and E-beam lithographic approaches,>? including
electrodeposition and/or chemical etching techniques.*

Gold-based 1D nanostructures (e.g., nanowires, gold nanoparti-
cles) have been recognized as unique materials for electrical and op-
tical sensing applications.’ Gold nanowires can provide high current
densities, high signal to noise ratio and low double layer capacitance,’
while surface plasmon resonance, often exploited with nanoparticles,
can uniquely probe interactions of molecules at chemical surfaces and
provide label-free bio detection.>®

Gold nanoparticles (AuNPs) are excellent materials for functional-
izing electrode surfaces.”!* Functionalization can be achieved via the
use of bi-functional chemical linking agents, mixing with the compo-
nents of composite electrodes, covalent binding and others. Notably,
gold nanoparticles alone have limited applications in sensing unless
surface modification is performed. Careful selection and design of lig-
ands strongly influence the sensitivity and selectivity of a sensor.>!!
Gold nanoparticles can be synthesized by a citrate reduction method
pioneered by Turkevich!? and later advanced by Frens,'> with a vari-
ety of modification’s methods.®!*'® The nanoparticle morphology is
dependent upon chemical nanoparticle synthesis methods.

Linking agents are typically applied in order to bind gold nanopar-
ticles to surfaces of various substrates.”!*!*->* Surface chemical modi-
fication and functionalization using linkers both are attractive method-
ologies because of highly active and selective layer formation, strong
electrode intersectional binding, and changeable physical properties.
However, there are a few important disadvantages if linkers are applied
in order to design nano-electrodes: additional materials affect surface
conductivity and can reduce it or lead to poor electrical contact, and
they can shorten an electrode’s applicable potential window by inter-
fering with electrochemical processes.?* Direct attachment of AuNPs
on the nano-electrode without using any linkers may overcome these
disadvantages and even improve the electrochemical performance of
the electrode due to uninterrupted conductivity throughout the elec-
trode material. Electrodeposition is one of the most versatile, simple,
and cost effective fabrication methods of electrochemical formation

*Electrochemical Society Member.
“E-mail: e.podlaha-murphy @neu.edu

of structures and it provides a systematic control of the size and mor-
phology of formed structures.

Hence, this research presents a novel approach for the creation of
nanometric electrodes with nanoparticles deposited within and on the
top of nanowires. This approach combines two processes: synthesis of
nanoparticles, then co-deposition of them in an electrodeposited metal
matrix. In order to expand the functionality of the resulting composite
nanowire structure, the Co-W alloy was selected as the metal matrix
to provide the ability to magnetically move the wire, in contrast to
gold. Co-W also offers superior corrosion resistance. As thin films,
Co-W alloy has been widely studied for its outstanding tribologi-
cal properties,”> 2’ mechanical durability and superior hardness,***
corrosion resistance,** and magnetic properties.*-*

The electrodeposition of tungsten alloys can be performed in cit-
rate, pyrophosphate and/or ammonium ions containing electrolytes,*
with the use of citrate being the most widespread particularly for Co-
W alloys.***! A challenge in depositing Co-W alloys arises due to
the inherent hydrogen evolution side reaction. In order to improve
the efficiency of the electrodeposition process and the structure of
the obtained Co-W deposits organic additives, such as saccharin,
thiourea, methacrylate, glycine can be used in the electrolyte.*> Re-
cently, glycine-based solutions are of interest because it is a non-toxic
complexing agent, which stabilizes the pH close to the electrode sur-
face in both alkaline and acidic electrolytes,**** although the side
reaction cannot be completely eliminated. Thus, the management of
the hydrogen evolution side reaction can be problematic when trans-
lating thin film deposition parameters for Co-W alloys to nanometer
architectures via templating methods.

The template-assisted method has been employed for the elec-
trodeposition of nanostructures using a variety of templates, such
as polycarbonate membranes,*>*® and anodized aluminum oxides
(AAO).** Although many investigations have focused on single-
element, binary and ternary alloy magnetic nanowires such as Ni,
Co, Fe-Co, Co-Ni, Ni-Fe and Fe-Co-Ni,”*¢ no reports of electrode-
posited Co-W alloy nanowires exists, except those by the coauthors
here. In previous work, Co—W and Co—W-P nanowires and nanotubes
were fabricated through the use of pulse deposition using nanoporous
alumina templates from ammoniacitrate electrolytes” and from
ammonia-free electrolytes containing citrate and boric acid.’® The
pulse mode facilitated deposition by minimizing the accumulation of
hydrogen gas bubbles and the generation of a significant pH gradient
that can disturb the deposition of Co-W alloys, as evident in thin film
deposition.

Here, not only is there a further improvement in past tech-
niques of electrodepositing Co-W alloy nanowires, from both an
ammonia-free and boric acid-free electrolyte, but a novel composite
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Figure 1. Schematic of the development of nanowire-nanoparticle composites: (a) sputtering a layer of gold; (b) pulsed electrodeposition of Co-W nanowires; (c)
adding colloidal gold nanoparticles; (d) pulsed electrodeposition of Co-W alloy; (e) dissolving the membrane.

codeposition approach is presented with nanoparticles deposited on
the top of nanowires. The conditions for nanowire deposition were
guided by results obtained from polarization curves and galvanostatic,
thin film Co-W deposition. In order to avoid mass transport controlled
reactions thin, polycarbonate membranes were used as templates com-
pared to previous reports with deeper alumina templates.

Experimental

Co-W thin film alloys and nanowires were fabricated from an
electrolyte consisting of: 0.2 M CoSO,, 0.2 M Na,WO,, 0.25 M
Na;C¢Hs507, 0.2 M C,HsNO, and 0.2 M NaOH, at a pH of 10.

The electrodeposition of Co-W thin films was carried out gal-
vanostatically on rotating cylinder brass electrodes (RCE) at 300 rpm
under pulsed (PC) and direct current (DC) mode. A platinum anode
and a saturated calomel electrode (SCE) were used as the counter and
reference electrode, respectively.

Co—W nanowires were electrodeposited into nanoporous polycar-
bonate membranes using a pulse current mode. Although, past liter-
ature reports of pulse parameters have been reported for meso-scale
Co-W nanowires,*® these parameters were selected due to the mass
transport considerations inherent to alumina templates, and were opti-
mized for a different electrolyte. With a goal to maintain kinetic control
and avoiding gas accumulation and concentration gradients within the
pores, thinner polycarbonate films are used here, and a relaxation, or
off-time, was chosen to be twice as long as the on-time. Nanoporous
polycarbonate membranes with 100 nm pore diameter, 6 pm thick-
ness, having an average porosity of 12% were purchased from What-
man International Ltd. (Whatman Inc., MA, USA). The procedure to
fabricate the nanowire-nanoparticle materials is sketched in Fig. 1. In
order to provide an electric contact to the membrane a layer of gold
was sputtered (Hummer model #Hummer 6.2, Anatech Inc.) on the
one side of the templates (Fig. 1a). This Au layer served as a cathode
substrate. The Co-W nanowires are formed (Fig. 1b) with an applied
cathodic pulsed current density of 80 mA/cm” with a 5 s on—time
and a 10 s off-time current. After the deposition, the electrolyte was
flushed with water. Then the nanoparticle solution was added to the
membrane with formed nanowire electrodes and vacuum was applied
for 1 minute (Fig. 1c). The nanoparticles were fixed on the surface
by deposition of an additional Co-W alloy layer while applying 20
pulses in the same pulse mode as described previously (Fig. 1d). The
last step (Fig. le) is the release of the wires from the polycarbonate
membrane by dissolving the membrane in dichloromethane.

Results and Discussion

The conditions for Co-W electrodeposition were characterized us-
ing the RCE at 300 rpm at room temperature. Fig. 2 shows the cathodic
polarization curves obtained from —0.4 to —1.8 V vs. SCE in the pres-
ence and absence of glycine at pH 10. Addition of glycine to the citrate
electrolyte causes an increase in polarization. The cathodic deposition
is shifted to more negative potentials due to the expected additional
complexation of Co>* and the associated reduction of COOH™* by the
glycine ligand.

Thin film deposition under DC and PC mode was also examined
over a range of applied cathodic current densities, 10-80 mA/cm?
(Fig. 3). The pulse deposition times were: 5 s on-time, to,, and a 10 s
off-time, tor. The W content in the alloys electrodeposited under PC
mode is slightly higher in comparison with alloys electrodeposited
under direct current (DC) mode (Fig. 3a), especially at lower current
densities. In both DC and PC modes of deposition the W content
is the largest at the low current density and decreases with the ap-
plied current density. For DC deposition, there is a limiting amount
of the tungsten weight percentage of ~3 wt% at high current densi-
ties. Simultaneously, with a decrease in tungsten content the current
efficiency increases sufficiently in both DC and PC modes (Fig. 3b).

-0.02

-0.04

01 L ——Co-W (Gly+Citr)
-
0.2} ---- Co-W (Citr)
_014 1 1 1 1 1 1
18 -16 -14 12 -1 08 -06
E,V

Figure 2. Cathodic polarization curves at 10 mV/s with a RCE at 300 rpm
from a citrate bath in the absence and presence of glycine at pH 10, room
temperature.
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Figure 3. Composition of the Co-W alloys (a) comparing DC (M) and PC (o)
deposition; (b) current efficiency; and (c) the influence of the electrode rotation
rate under DC plating mode at different current densities: @ 15 mA/cm?, (125
mA/cm?, A 40 mA/cm?, x60 mA/cm?, ¢ 80 mA/cm?.

Fig. 3c shows the W wt% for deposition under DC for different ap-
plied cathodic current densities at different electrode rotation rates. It
is expected, under kinetic control, that the composition would be in-
dependent of rotation rate as indeed it is for a cathodic current density
of 15-80 mA/cm?. At higher current densities, a small change in the
deposit composition is observed with rotation rate that can signify a
mass transport contribution.

The following pulse current conditions were used to form Co-
W nanowires within polycarbonate membranes: current density 80
mA/cm?, pulse on-time of 5 s, and a 10 s off-time. The potential
transient during pulse deposition is presented in Fig. 4. The top and
bottom of the resulting potential pulse represents the transient in the
open circuit potential (OCP) and the deposition potential. Three tran-
sient regions were observed in the OCP region, but it is less distinct
in the deposition region. The change of slope in the OCP between
regions (1) and (2), in Fig. 4, indicates a significant change in either
the alloy composition or the surface concentration. During deposition,
the potential response is relatively independent with time, confirming
little to no mass transport influence of the metal deposition. Thus
the changes in regions (1) and (2) during OCP may be reflecting
the change in surface pH or adsorbed hydrogen. The last region, (3)

-0.2
-0.4
-0.6 ‘ 3
0.8 i

E vs SCE, V

B
O S

0 1000 2000 3000 4000 5000 6000 7000
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Figure 4. Potential response during PC electrodeposition of Co-W alloy
within pores of the membrane.
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Figure 5. SEM images of electrodeposited Co-W nanowires separated from
polycarbonate membranes.

shows the transient response when the nanowires reach the top of the
template and commence to grow outside of the pore. The nanowire
electrodeposition process was halted at stage (2). After the template
was dissolved and the nanowires released SEM (Fig. 5) and TEM im-
ages (Fig. 6) confirmed that the long and continuous Co-W nanowires
were deposited and their cylindrical shape reflects a complete filling
of the nanopores in the radial direction in the template and that they
are uniform in diameter. The length of the nanowires matched the
expected pore length (6-7 wm). Interestingly, the average diameter of
the Co-W nanowires is about 130 nm, which is slightly bigger than
the pore size of the PC templates (100 nm).

The composite nanowires, combining the gold nanoparticles with
the Co-W matrix, was fabricated using shorter nanowires, (4 pm)
created by terminating the deposition process earlier, after 20 min. The
Au nanoparticles were placed into the electrolyte, and the deposition
process re-commenced to trap them onto the nanowire tip, within the
template.

The TEM of the gold nanoparticles (Fig. 7) show that the diameters
were fairly uniform having a size of 50 & 5 nm. Fig. 8 shows that gold
nanoparticles were indeed attached to the top of Co-W nanowires.
To the best of the authors’ knowledge it is the first demonstration of
physically attaching nanowires to the end of a metallic nanowire in the
form of a composite metal matrix deposit, in contrast to thiol-based
chemical attachment.

a
7301 nm
|
* 4838 nm
7421nm © 7331nm
,
L |
2 um

Figure 6. TEM images of Co-W nanowires, (a) low and (b) high magnification
with measured wire diameters.

159


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 163 (7) D344-D348 (2016)

Figure 7. TEM image of 50 nm diameter Au nanoparticles.

Conclusions

Co-W nano-electrodes were fabricated by pulsed electrodeposition
from a citrate-glycine electrolyte onto RCEs and into polycarbonate,
nanoporous templates having a pore size of 100 nm. Thin film, Co-rich
deposits were obtained over a large range of current density, under
kinetic control. The addition of gold nanoparticles to the electrolyte
enabled the fabrication of unique nano-composite nanowires, com-
posed of Au nanoparticles and a Co-W matrix. The Co-W nanowire
and AuNP was chosen as a model system, although the methodol-
ogy is highly impactful as it could be adapted for other nanowire-
nanoparticle complex structures.
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EVALUATION OF CORROSION AND TRIBOLOGICAL BEHAVIOR
OF ELECTRODEPOSITED TUNGSTEN ALLOYS

E. Vernickaite*, H. Cesiulis*!, N. Tsyntsaru***
* Physical Chemistry Department, Vilnius University, Vilnius, Lithuania
** Institute of Applied Physics of ASM, Chisinau, Moldova

Abstract: Tungsten alloy coatings with iron group metals (Ni, Fe, Co) are considered as advanced materials for
various surface engineering applications. Such coatings should be resistant to mechanical and corrosive damage,
and to have improved functionality and durability. Accordingly, the objectives of this review consist in a
comparative study of available literature on corrosive and wear behavior of electrodeposited tungsten alloys with
iron group metals, including our recent results on evaluation of electrodeposited Co-W coatings. The wear and
corrosion resistance of Ni-W, Fe-W and Co-W strongly depends on the chosen deposition conditions and
subsequently on tungsten content and structure of obtained protective coatings.

Key words: electrodeposition, Fe-W, Ni-W, Co-W, wear rate, corrosion resistance.

INTRODUCTION

It is a great interest to fabricate iron-group based alloy coatings possessing functional properties for
various applications in industry. Currently, the hard chromium coatings are used most extensively due
to high hardness, excellent wear resistance, low coefficient of friction and excellent protection against
corrosion [1-3]. However, because of the environmental and health risks associated with usage of
toxic and carcinogenic hexavalent chromium baths during the electroplating, there is an urgent
demand in a potential replacement for this coating. Tungsten based alloy coatings have been found to
be very promising candidates for such purpose as they provided to have competitive physical and
mechanical characteristics, combined with improved ductility, high thermal stability, satisfactory
barrier layer capability in microelectronic devices and increased deposition rates compared to those
determined for electrodeposited hard chromium [4]. Tungsten can be easily co-deposited from
aqueous solutions with an iron group (Fe, Co, Ni) metals forming the corresponding alloys [5]. Thus,
comprehensive studies were conducted by a number of researchers, during which different models
were proposed to explain the co-deposition mechanism depending on the chosen iron group metal and
plating bath composition [4].

Tungsten alloy coatings having various compositions and tailored microstructures can be obtained by
varying the plating solution chemistry and deposition parameters. Amorphous and crystalline Fe-W,
Ni-W and Co-W electrodeposits have been reported in the literature [6-8]. XRD analysis results
indicated that as-deposited Ni-W alloys having tungsten content in their composition higher than
19-23 at% forms nanocrystalline (“amorphous-like”) structure [9-12]. Meanwhile for
electrodeposited Co-W and Fe-W alloy coatings the crystallographic structure is changing from
polycrystalline to nanocrystalline at tungsten content above 20 at.% [4, 11]. During the structural
transformations the crystallite sizes are reduced from 60 nm to 7 nm for Co-W, from 41 nm to 3-4 nm
for Fe-W and Ni-W alloys [13]. From practical point of view, alloys having nanocrystalline or
amorphous structures have gained more interest since they usually possess better corrosion resistance
and tribological properties (e. g. wear resistance). The later can be related to an increase in tungsten
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content in the alloy which results in the grain size refinement and consequently in strengthening effect
[14, 15].

Evaluation of different tungsten alloy coatings and their properties can be ambiguous, because it is
depending on the given iron group metal, elemental composition, structure, gain size, etc.
Accordingly, in this paper an attempt has been made to estimate wear and corrosion behavior of
tungsten alloy coatings with iron group metals published elsewhere and to compare these results with
our study on Co-W and Fe-W alloys.

EXPERIMENTAL

Co-W and Fe-W alloy coatings were obtained by electrodeposition under galvanostatic mode from a
citrate electrolyte, which was described in our previous publications [16-19]. The pH was adjusted to
5.0, 6.7 or 8.0 by the addition of concentrated H.SO4 or NaOH. The plating temperature for Co-W
alloys was kept at 20 and 60 °C to observe the influence of temperature on the properties of coatings.
Fe-W electrodeposits were prepared at room temperature. The corrosion behavior of Co-W coatings
was studied in 0.01 M H,SO; solution by using electrochemical impedance spectroscopy (EIS) and
linear voltammetry methods. Electrochemical corrosion measurements of obtained Fe-W coatings
were performed in the mixture of 0.012 M Na,SO, and 0.027 M NaCl (pH 5) at 90 °C. In both cases
thicker coatings of ~10 pm have been deposited in order to avoid substrate influence on
measurements. During the corrosion studies the registration of EIS and voltammetric data has been
started after stabilization of the OCP within 15 min in the tested media. The amplitude of the
sinusoidal voltage was 5 mV and the spectrum was obtained in the frequency range: 10 kHz-0.01 Hz.
The charge transfer values for tested alloys were extracted from Nyquist’s plots since the diameter of
medium-frequency capacitive loops is considered as corrosion resistance (Rcorr). The electrodeposition
and corrosion tests were performed in a three-electrode cell with a platinized mesh as a counter
electrode and saturated Ag/AgCl electrode as a reference electrode. All potential values are expressed
vs. this reference electrode. The surface morphology of the coatings and content of alloys was
investigated by scanning electron microscopy (Hitachi TM-3000 equipped with EDS analyser and
software Swift ED-3000). Hardness of Fe-W and Co-W coatings was determined from
nanoindentation tests (Nano-Hardness Tester, CSM) carried out at normal loads varying from 2 up to
200 mN. Linear loading and unloading speeds between 4 and 400 mN min~* were used. A Berkovitch
indenter was used and 5 indentations were performed at each normal load, and analyzed statistically.

RESULTS AND DISCUSSION
Tribological properties

Nanocrystalline materials with the grain sizes less than 100 nm, are typically very hard and are
commonly produced as protective coatings which can assist in decreasing the wear. The Hall-Petch
mechanism predicts that as the grain size decreases the hardness values increases, but it was
demonstrated, that this mechanism is not applicable for very small grain sizes [20]. In our previous
studies we have shown that the hardness of Co-W alloys increases up to ~917 HVy at increase in the
tungsten content from 8 to 25 at.% which is linked to a decrease in the grain size till the critical value.
After this critical value of 5 nm the inverse Hall-Petch relation is observed for Co-W alloys [17].
Meanwhile for Fe-W alloy the critical grain size of about 4 nm was determined, while the hardness
reaches the maximum value of 1020 HVgg, when tungsten content in Fe-W deposit increases up to 26
at.% [21]. Overall, Fe-W alloy coatings are characterized by higher hardness than that of Co-W
deposits in the range of normal loads of 2-100 mN [18]. The maximum hardness values for Ni-W
deposits usually are lower (in the range of 734+70 HV1o) than for Co-W and Fe-W alloys [12, 14, 22,
23]. At higher applied loads the hardness of Fe-W and Co-W alloys can decrease, e. g. for Fe—24 at.%
W deposits decreases up to 500 HVggo [19], and for Co-13 at.% W — up to 600 HVgg [24]. Overall, it
should be noted that the electrodeposited binary tungsten alloy coatings are harder than those prepared
from pure iron group metals [14, 25].
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The hardness of tungsten alloy coatings with iron group metals can be improved by applying heat
treatment due to partial crystallization, which causes the strengthening effect of the iron metal matrix
containing the dissolved tungsten. Annealing also yields reduced internal stresses of the deposit that
were related to the hydrogen evolution reaction occurring simultaneously during tungsten alloy co-
deposition with iron group metals. For example, the hardness of Co-27 at.% thin film increases up to
1200 HVaso after the heat treatment at 600 °C for 2 hours in Ar atmosphere [26]; for Ni-25 at.% the
hardness reaches maximum of 1450 HVzy at annealing temperature of 600 °C for 24 h in vacuum
[12]. Other authors have also reported the maximum hardness for Ni-W alloys with different
compositions after annealing at <700 °C [27-29].The hardness of as-deposited Co-12 at.% W sample
increased from 450 HV g (as-deposited) to ~700 HVego following heat treatment for 1 h at 600 °C in
the air [30]. At the higher temperatures, the hardness decreases due to the increased grain size [12].

Tribological investigation includes the processes of interaction at the interface between two bodies
forming a tribo-system and during the evaluation of tribological behavior of materials both surfaces,
their properties and testing conditions (load, time, speed, displacement, relative humidity, temperature,
etc.) must be taken into consideration. Accordingly, it is difficult to compare the wear rates for tests
performed for Ni-W, Co-W and Fe-W systems in different laboratories and under different conditions
(Table 1). Nevertheless, Co-W alloy electrodeposits in some works has been characterized by the
lower rate of wear due to their relatively high hardness combined with the formation of the stable
hexagonal close-packed (hcp) structure that is resistant to the high loads [30]. Meanwhile the fretting
of Fe-W alloys at dry friction is accompanied by triboxidation during which iron oxides are
accumulated leading to increased wear loss [13].

Table 1. Wear resistance under dry conditions of the different tungsten alloys coatings.

Alloy, Counter body Load Wear loss
reference
Fe-W [18] Corundum 10N Wear track depth ~6 um
Co-W [26] Martensitic stainless steel 61 N Wear track depth 20.9 um
Ni-W [27] St52 steel, Ni-W 20N 7.14x10°° mm3/mN
Co-W [25] Martensitic stainless steel 15,30, 61N 3x10* m¥Nm
Ni-W [31] GCri5 stainless steel 5N 3.49x10° mm3/mN
Ni-W [32] Tungsten carbide 5N 2.77x10°6 umd
Ni-W [33] Tungsten carbide 3N 9.8x10° mm3/Nm
Ni-W [34] Untreated ductile iron 1,3,5N 5x10° mm¥m
Co-W [35] Stainless steel 15N 0.095 mg/h
Ni-W [36] Hardened steel 1N 1.14x10° mm®/Nm

Corrosion resistance

The investigation of the corrosion properties of functional materials is an integral part of modern
materials science and crucial in terms of their potential technological applications. However, till now
we can only speculate on a systematic investigation of corrosive properties of tungsten with iron group
metal alloys. The composition of coatings, their microstructure and morphology strongly depend on
alloys’ preparation methods and parameters of ones. Thus, the wide variation of corrosion parameters
can be observed even for the alloys with similar composition and the overall picture of corrosion
behavior of Ni-W, Fe-W and Co-W alloys remains inconclusive.

In our study we presented the mapping of corrosion behavior of various compositions of Co-W alloy
deposits (2.4-30 at.% of W) since previous papers reported that Co-W is characterized by the
corrosion resistance that is similar to that of the hard-chromium plate [30]. Usually the corrosion
behavior of the prepared metal alloy coatings is investigated mainly by means of electrochemical
technique, such as open circuit potential (OCP), linear voltammetry and electrochemical impedance
spectroscopy (EIS). However, there are some limitations for the correct estimation of corrosion
parameters (e. g., charge transfer resistance, corrosion potential, corrosion current density) by using
mentioned above electrochemical techniques. The porosity, cracks, smoothness and thickness of the
deposits should be evaluated impartially to ensure that the obtained data corresponds particularly to
the tested alloys and the substrate below has no influence on the results. But in some papers related to
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tungsten alloys electrodeposition the discussion about the coating morphology or structure is
suppressed and we can only guess about the accuracy of the summarized anti-corrosive characteristics,
which sometimes are presented as more attractive than those determined for electrolytic chromium or
metallurgical steel. For example in [37] it was concluded that the anticorrosive protection ability of
Co-7 at.% W alloy coating can be 6-14 times better than mild steel and that corrosion resistance varies
in the range of 170-375 kOhm cm depending on to the tested acid (1 M HCl > 1 M H,SOs > 1.0 M
HCIO,). Interestingly, our results show that comparable charge transfer resistance values in acidic
environment (0.1 M H,SOs) can be found only for stainless steel substrate (Reor = 123.7 kOhm cm?)

(Fig. 1).
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Figure 1. Nyquist plots (dots) for stainless steel Figure 2. Corrosion current density (jeorr) Values
substrate (AISI Type 304) and Equivalent circuit in acidic media of as-deposited W alloys with iron
used for EIS fitting (continuous line). group metals published in the literature.

Among a number of corrosion parameters, the values of jeorr and Ecorr are often used to compare
corrosion behavior of electrodeposited coatings. Notwithstanding the corrosion potential values
usually do not show any evident dependence on the composition of alloy thin films and varied
independently from the corrosion rate. This is under the assumption that potential values are driven by
the rates of cathodic reaction (hydrogen evolution) and anodic reaction (electrolytic dissolution or
passivity of the metal) of corresponding system and are strongly affected by the corrosive media,
chemical composition of material and its surface state. Thus, the further investigation of the corrosion
behavior of tungsten alloy with iron group metal coatings is mainly based on the jcorr determined from
linear voltammetry analysis results. Noticeably, here can be also found some disagreements between
different studies. Hence, for Co-W alloys containing >7 at.% of tungsten the obtained voltammograms
are asymmetrical and jeorr cannot be determined by applying the regular routine, i.e Tafel extrapolation
method. In such case all curves should be transformed into Allen-Hickling coordinates that enable to
estimate the corrosion rate using a narrow range of potentials [38].

It is noted that the lowest corrosion currents were obtained for Co-W alloys electrodeposited at 60°C,
because those electrodeposited at room temperature were full of cracks and could be easily peeled off
mechanically from the stainless steel substrate and exhibited high corrosion rate
(jcorr= 2.4x10* A cm™) [16]. In mostly works the co-deposition of tungsten with iron group metals is
performed at the higher temperature (60-75 °C) which enables not only to improve the quality of the
thin film, but also allows increasing the tungsten content in the alloy which leads to ameliorate the
corrosion resistance. Thus, our study depicted that by increasing the tungsten content in Co-W thin
coatings from 5 at.% up to 25 at.%, crystallite size reduces from ~60 nm to 3-6 nm and the corrosion
current density in acidic media decreases from 2x10* A cm? up to 4.2x10° A cm?, respectively
(Fig. 2) [16]. The highest determined corrosion resistance value at 25 at.%W is most likely related to
the formation of thermodynamically stable intermetallic compound CosW. Similar trend by other
researchers was also observed for Ni-W alloy coatings which showed that the corrosion rate of Ni-W
samples in acidic environment decreases with grain size reduction from 63 nm to 5 nm, i. e. when the

166



Proceedings of the International Conference BALTTRIB 2017

tungsten content arises from 5 to 22 at.% [39]. This correlate with results [40] where it was revealed
that at high tungsten content a stable intermetallic compound of NisW is formed. Besides, it is claimed
that both Ni and W metals undergo passivation state in electrolytes forming non-porous layer of
Ni(OH),, NiO and WOs on the top of Ni-W alloy surface [41]. These oxidation products inhibit the
corrosion process and reduce the rate of oxidation reaction. Thus, in [42] where observed that all
polarization curves for Ni-W samples show an active/passive transition in H.SO4 solution. Notable
that in the recent study of Ni-W alloys [42] the corrosion current densities do not show any significant
variation versus W content in the deposit and varied in the range between 1-10¢ and 3-10° A cm?,
however these values were much lower than those measured under similar conditions in other works.
This can be influenced by deaerated 1 M H,SO4 solution used in this study.

It is claimed that the superior corrosion resistance of Co-W can be related due to the formation of rich
film or Co(OH); passive films on the surface [43]. In fact, our EDS investigations of Co-W alloys after
corrosion test showed significantly increased oxygen content in composition after the corrosion test
and this indicates that the electrochemical corrosion process occurs via an intermediate stage of
forming oxide-containing compounds on the surface [16]. It is noted that this tendency was less
pronounced for alloys containing small amount of tungsten, i. e. which were characterized by higher
corrosion rate, and thus it can be summarized that coatings having more than 5 at.% W can protect the
substrates from corrosion in acidic media better than the pure Co deposit. However it is hard to
distinguish one particular iron group metal which possesses the best anti-corrosive protection in acidic
environment after the alloying with tungsten.

For Fe-25 at.% W was found that in 0.5 M H,SO, the surface is covered by iridescent film, which is
characteristic for thin oxide films of W and Fe and reveals the passive state of Fe-W, thus the
calculated jeorr value is comparable to that of Co-W having similar amount of W in composition [44].
Our previous investigation of Fe-W thin coatings revealed an active state and extremely high corrosion
rates in acidic environment even when the tungsten content in the alloy reached 33 at.% [19]. Probably
this can be explained by different corrosion experiment conditions, since in our case the voltammetry
analysis was performed in Na;SO, + NaCl (pH 5) at high temperature of 90 °C. As it can be seen from
(Fig. 3), the Ni-W and Co-W alloys in neutral 3.5 wt.% NaCl solutions exhibited a clearly increased
corrosion resistance compared to that of the acidic media. Also, in the case of neutral solutions a
positive influence of higher tungsten content on corrosion resistance was confirmed [45-47].

According to linear voltammetry results described in different papers, it can be concluded that the
tungsten alloy coatings barely have the transition to the passivation state in neutral corrosive solution
[11].
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After adding SO4* ions to the neutral corrosive medium containing NaCl, the corrosion resistance of
Co-W alloys slightly depends on the coating thickness. Thus, it was depicted that the corrosion current
density decreases from 4.6-10°° (for thin coatings) to 1.4 10° A cm? (for 20 pm), meanwhile the
corrosion potential for both samples was similar —0.60+0.05 V [48]. It was not determined a clear
correlation between the tungsten content in the deposit and corrosion current density in NaCl +
Na.SO4 solution neither for Co-W nor Fe-W alloys [13, 48] (Fig. 4). However, for Co-W case the
corrosion current density was higher than that in neutral single NaCl solution and this change might be
caused by different dissolution mechanism in the presence of Cl- and SO.* ions. An addition of
organic additives (saccharin, neonol, OP-10 emulgator, neoinogenic SAS) to the electrolyte prior the
electroplating of alloys did not reveal any favourable effect on examined corrosion resistance of Co-W
alloys in different neutral solutions, in fact in all cases the prepared coatings demonstrated relatively
lower corrosion resistance in neutral NaCl + Na»SO, solution [13, 49]. Significantly poorer anti-
corrosive protection was noticed for Co-W alloy coatings in alkaline (6 M KOH) media, when the
corrosion current density value increased up to 0.84x10° A cm? and corrosion potential decreased up
to —1.03 V at 24 at.% of W [49]. However, for nanocrystalline Ni-W alloys having 5-22 at.% of W,
jeorr Values in alkaline solution (pH 10) are lower than those in acidic media (pH 3) [39].

CONCLUSIONS

e The hardness of Ni-W, Fe-W and Co-W alloy coatings increases with increasing W content.
The direct Hall-Petch relation is observed up to the minimum values of grain size of 8-15 nm,
4 nm and 5 nm for Ni-W, Fe-W and Co-W deposits, respectively. Among all W alloy
coatings, Fe-W deposits possess the highest hardness.

e The evaluation of tribological behavior of the deposits reported in articles is an complex issue
due to a large number of variables involved during testing, such as load, speed, time,
counterbody material, etc. However wear resistance of Ni-W, Fe-W and Co-W electrodeposits
is quite high and comparable to that of electrolytic chromium. Nevertheless, Co-W alloy
electrodeposits usually has demonstrated a lower wear rate than in the case of Ni-W and Fe-
Ww.

e The Ni-W and Co-W alloys, in neutral 3.5 wt.% NaCl solutions, exhibited a clearly increased
corrosion resistance compared to that of acidic and alkaline media, while this characteristic
slightly decreased after SO,% ions addition to corrosive solution. The anti-corrosive behaviour
of individual Fe-W, Ni-W and Co-W systems depends not only on their elemental
composition, but also on deposition conditions and chemistry of electrolyte. Commonly, the
corrosion rate decreases with increasing W content in the coating.
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