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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.% ofW) 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 10mA ∙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 ofW 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
means of cyclic voltammetry in the mixture of 1 M CH3OH and 0.1 M H2SO4. The electrooxidation of methanol
depends on the content ofW in the alloy. It was found that the crystalline Co-3Wand Co-18Walloys are inactive
for methanol oxidation, and the electrochemical alloys dissolution occurs in the testedmedia. Whereas, the high
content ofW (~30 at.%) in the Co-W coating prevents the continuous Co-Walloy dissolution and itmight be used
as anode for themethanol oxidation in the acidicmedia. The annealing of Co-Wdepositswas performed at 600 °C
for 1 h in the air and formation of Co3O4 and CoWO4 compoundswith 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.
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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
CH2O, then to CO or CO2 [4]. The resulted products of oxidation (CO2,
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
).
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 CO2 [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 themethanol 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 TiO2 [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 anodematerials for possible ap-
plication in methanol oxidation reaction. Relatively cheap electrodepo-
sition technique offers the possibility to prepare alloy coatingswith 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/Hg2SO4 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 directmethanol fuel cells [13]. Par-
tially amorphous structure Co-W alloys withW content b10 wt.% in the
composition exhibited good corrosion resistance and catalytic activity
in highly corrosive media such as H2SO4 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 themicrocracks [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.
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 75.5
6.7 18.0 70.1
8.0 30.0 25.5
2. Materials and methods

Co-Wdeposits were electrodeposited onto stainless steel (type 304)
substrates from citrate-borate electrolyte at different pHunder galvano-
static mode at 10 mA·cm−2. The plating bath consisted of (mol·L−1):
CoSO4·7H2O–0.2, Na2WO4·2H2O–0.2, C6H8O7–0.04, H3BO3–0.65,
Na3C6H5O7–0.25. The pH of solutions was adjusted to 5.0, 6.7 and 8 ±
0.1 by concentrated H2SO4 and NaOH solutions. The electrolyte temper-
ature wasmaintained at 60 ± 2 °C bymeans of a water bath. The thick-
ness of the deposits was calculated from gravimetric and elemental
analysis data and in all cases was ~10 μm.

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 presentedwith 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 NiCl2 and
2.2 M HCl, 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 Kα radiation in the 2Θ
range from 30 to 100°.

Cyclic voltammetry measurements were performed using program-
mable potentiostat/galvanostat (AutolabN302). Experiments were per-
formed in the potential range from−0.2 to 2.0 V in 0.1 M H2SO4+ 1M
CH3OH solution at room temperature at the scan rate 10mV s−1. 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, surfacemorphology 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) andW(VI) complexes with citrates and their dis-
tribution strongly depends on pH [14,17–20]. Thus, tungsten content is
low (b8 at.%) in Co-Walloys electrodeposited at pH5, increases from13
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 ofmethanol 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
structurewith 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
2Θ = 46.5° which is attributed to Co3W. A small shift of 2Θ position in
comparison with indicated in PDF card no 65–3520 occurs probably
due to formation of Co solid solution in the Co3W phase [17]. Nanocrys-
talline (“amorphous-like”) structure of Co-W alloy was observed, when
the tungsten content in the coatings deposited at 60 °C is N25–27 at.%. In
this “case 3” only one broad peak in the proximity of 2Θ=43.5° is seen.
It is difficult to determine towhich phase this peak is attributed because



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.%.
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the characteristic peaks for Co(W) and Co3W 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 (WO4)(HCitr)H4− at pH N 5.
Secondly, the alkalization occurring in the near-electrode zone due to
Fig. 2. XRD patterns of as-deposited pure Co and Co-W
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(II) 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
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 H2SO4 and 1 M CH3OH 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 (b18 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 b25 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 N1.03 V (vs Ag/AgCl). However,
in our case the current density growsmostly 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.
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.
When theW 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 1MCH3OH and 0.1MH2SO4 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 linkedwith 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 H2SO4 (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.% ofW 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, themethanol 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 nopeak at this potentialwas noticed
in the voltammogram for Co-30 W deposit in the absence of methanol.
The enhancement in catalytic activity by Co-W catalystmay be attribut-
ed to the increase in its real surface area, synergic effect by the interac-
tion between Co andW,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 Co3O4; 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 coatingswere 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 b18 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-30W electrodeposits even after anneal-
ing are cracks-free, in comparison with results of work [26].



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.
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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 ofW 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
Fig. 5. EDS spectra of (a) Co-18.4W and (b) Co-30.1W alloys coating after heat treatment
at 600 °C for 1 h. Composition is given in at.%.
amorphous-like to polycrystalline Co3W 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 (Co3O4

and CoWO4) (Fig. 6). The detected peak positions of CoWO4 phase is
in accordance with [27]. For Co-W alloy coating having higher amount
ofW 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 2Θ = 46.5° corresponding to Co3W phase was observed like in
the same as-deposited coating. Although EDS analysis showed extreme-
ly lowW content in the alloy after heat treatment at 600 °C in the air a
small amount of Co3W 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 μm) in course of XRD analysis
compared to the EDS technique (~1 μm). As theX-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
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 b2 at.%
ofW, that inner layer has higherWcontent of ~19 at.%. This could be the
reason of the formation of Co3W phase in XRD results. Furthermore, the
patterns of heat treated Co-30 at.%W alloy coating indicated the forma-
tion of Co3O4 and CoWO4 phases as well.

In all investigated cases after heat treatment of Co-Walloys 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 ofWO3 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-
30W alloys were recorded in the potential range from−0.2 up to 1.0 V
in order to prevent the dissolution of cobalt from the surface of the elec-
trode atmore positive potentials. A baseline CV curve of annealed Co-W
alloy was also recorded in 0.1 M H2SO4 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
thenoticed for as-deposited Co-Wcoating. As itwas expected, Co-Wde-
posits initially contained b18 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
Fig. 7. Cyclic voltammograms recorded on the annealed Co-W catalyst in the mixture of
0.1 M H2SO4 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.
oxidation on the heat treated Co-W electrode is 0.135mA·cm−2, which
is sufficiently lower than indicated for as-deposited Co-30W alloy coat-
ing (12.3mA·cm−2) or pure Pt electrode (2.4mA·cm−2). The decrease
in catalytic activitymight be attributed to the reductionof 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 CH3OH and 0.1 M H2SO4. 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 formethanol 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 (Co3O4, CoWO4) 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.
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