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Tungsten–cobalt (W–Co) alloy nanoparticles have been synthesized from aqueous electrolyte by the sonoelec-
trochemical method applying the pulsed potential mode and continuous ultrasound irradiation. Simple electro-
chemical synthesis technique with the integrated ultrasonic bath (ultrasonic frequency 38 kHz, effective ultrasonic
power 80 W) as the ultrasound source was used for this purpose. The shape and surface morphology of the synthe-
sized W–Co nanoparticles were determined by transmission and scanning electron microscopy, as well as composi-
tion of W–Co nanoparticles was assessed by energy dispersive X-ray spectroscopy. The size of synthesized W–Co
nanoparticles was investigated in detail by photon correlation spectroscopy. It was found that the size of produced
spherical W–Co nanoparticles varied from 100 to 500 nm, and the average atomic ratio of W and Co in nanoparticles
was 23:4 correspondingly. The non-uniformity of synthesized particles in size and the reasons for that are discussed
on the basis of the obtained results.
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1. Introduction

The overwhelming attention towards nanostructured
materials containing nanoparticles (NPs) is increasing
day-to-day due to their exceptional size-related proper-
ties as compared to bulk materials [1–4]. Whatever they
are made of, the structure, composition, and properties of
nanoparticles [3, 5–7] are highly important since NPs are
applied in electronics, optics, catalysis, biotechnology,
and medicine [8–10]. Nanosize metal [2] particles play
a special role among all nanoparticles and are the most
examined ones in nanotechnology. The successful appli-
cation of nanoparticles depends upon both their synthesis
and surface modification [1, 11–13]. Surface modification
can improve the intrinsic characteristics of nanoparticles
and allow the fabrication of nanocomposites and other
structures also non-existent in nature [14, 15]. Metal
nanoparticles can be produced using well-known radi-
ation methods [16], thermal decomposition [17], vapor
deposition [18], reduction in micro emulsions [19], and
chemical reduction methods [20]. Other methods are also
applicable.

Specific interest is paid to the synthesis of heavy metal
and alloy nanoparticles exhibiting exceptional structural,
magnetic, and mechanical properties [7]. Nanocompos-
ites containing these particles are widely used for fabri-
cation of different hard coatings [6, 21]. Also the interest
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in polymeric Pb free nanocomposites with incorporated
heavy metal or metal alloy nanoparticles that might
be used for the construction of radiation protection
devices is growing up [22]. This tendency was ob-
served during last years and is related to the EC Direc-
tive 2011/65/EU [23] which restricts application of highly
toxic lead and its compounds in many areas and espe-
cially in production of electrical and electronic equipment
and other devices.

It is known that pure tungsten could be produced
from the corresponding salt melts only, applying elec-
trodeposition at a high temperature and large current
density [23–26]. Aqueous solutions of salts contain-
ing the iron group metals (Fe, Co, Ni) are often used
for this purpose [14, 21, 25–36]. Electrodeposition of
tungsten is performed in a few steps. Firstly, the re-
duction of the tungstate(VI) ion to tungsten(IV) oxide
and other complex oxygen compounds of various com-
positions occur. At the same time nodules of crys-
tallites of iron group metals are formed on the elec-
trode surface. This process is followed by reduction of
tungsten oxides and their complexes to metallic tung-
sten and formation of tungsten alloys with Fe, Co,
or Ni [14, 25, 37]. Tungsten alloys with Fe, Co, and Ni
can be electrodeposited from citrate, sulfamate, and py-
rophosphate baths, that often contain the boric acid, and
of course, key compounds–tungstate(VI) of an alkaline
metal (usually sodium) and the corresponding salt of iron
group metal [4, 8–10, 15, 26–29, 36, 38–44]. According
to the literature, characteristic pH values of these elec-
trolytes range from 4 to 9.5 and the electrodeposition
temperature using potentiostatic, galvanostatic or pulsed

(267)

http://doi.org/10.12693/APhysPolA.136.267
mailto:rita.plaipaite-nalivaiko@ktu.lt
mailto:rita.plaipaite-nalivaiko@ktu.lt
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current modes varies from 25 ◦C to 75 ◦C. The tungsten
content in the electrodeposited alloys varies from a few
to several tens of wt%.

An alternative simple, fast and cost effective method
is the sonoelectrochemical deposition [45]. The ultra-
sound (20 kHz–10 MHz) irradiated molecules in the elec-
trolyte bath sustain a chemical reaction [46, 47] and
due to the acoustic cavitation [48] participate in for-
mation, growth, and collapse of bubbles in the liquid.
The growth of the bubble occurs due to the diffusion
of solute vapor into the volume of the bubble until
its size reaches maximum value and the bubble col-
lapses into smaller particles. Electrochemical synthesis of
metal nanoparticles might be performed in a pulsed elec-
trolysis mode under the assistance of continuous ultra-
sound radiation throughout the electrochemical deposi-
tion process, or as well under promotion of pulsed electro-
chemical deposition by a synchronized pulsed ultrasound
mode [49].

The main advantage of the pulsed ultrasound as-
sisted electrolysis method is that the electrochemically
deposited nanoparticle shape and dimensions can be
adjusted by changing the electrolyte composition and
pH value, by changing electrolysis temperature, by vary-
ing current density and ultrasonic power, by synchro-
nizing the current pulse duration and the operation and
relaxation time of ultrasonic pulse.

The continuous ultrasound assisted electrosynthesis is
another way to produce nanoparticles and to form nano-
structures/nanoclusters. Under continuous ultrasound
irradiation electrochemically synthesized particles grow
up to their maximum size and collapse into smaller
nanoparticles continuously. This process is repeated
again and again until the ultrasound is switched off.
In this way it is possible to get the desired size of nanopar-
ticles or nanoclusters. The crystallinity of produced
nanoparticles depends on technological (experimental)
conditions [7, 11, 16, 27–30, 50].

The main purpose of this paper was to synthe-
size the W–Co alloy nanoparticles from the aqueous
tungstate(VI)–cobalt(II) electrolyte by a simple sono-
electrochemical method of applying the continuous ul-
trasound and pulsed potential mode, to analyze and dis-
cuss the formation mechanism of NPs under continuous
ultrasound irradiation, and to evaluate possible applica-
tion of this effective technique for the low cost production
of nanostructured materials.

2. Materials, instruments, and methods

2.1. Electrolyte

W–Co NPs were electrochemically synthesized
in the aqueous electrolyte containing 0.05 M of cobalt sul-
fate (CoSO4 · 7H2O, Aldrich 99.0%) and 0.2 M of sodium
tungstate (Na2WO4 · 2H2O, Aldrich 99.0%) as the source
of metal species, and 0.25 M tri-sodium citrate dehydrate
(Na3C6H5O7 · 2H2O, Lachema 99.0%) as the complexing

and buffering agent. 0.01 mM of sodium dodecyl-
sulphate (CH3(CH2)11OSO3Na, Merck 99.0%) was
added to the mixture as a surfactant and stabilizer
of the synthesized W–Co NPs in the electrolyte.
All reagents were dissolved in doubly-distilled wa-
ter with the specific conductivity of < 0.5 µS cm−1.
The electrolyte prepared at room temperature was
weakly alkaline (pH = 9.1), however, the pH value of
the electrolyte heated up to the working temperature
of 60 ◦C was slightly lower i.e., 8.5.

2.2. Sonoelectrochemical equipment
and synthesis of nanoparticles

The method of continuous ultrasound assisted sono-
electrochemical synthesis was applied for the produc-
tion of W–Co NPs (Fig. 1). It is based on the ap-
plication of pulsed potential mode to the working elec-
trode under continuous impact of ultrasound waves on
the electrolyte.

Fig. 1. Diagram of the continuous ultrasound assisted
pulsed electrodeposition process.

Electrochemical synthesis of W–Co NPs was performed
in the 100 cm3 volume beaker which was filled up to
the half with the corresponding electrolyte. The beaker
was placed into the ultrasound bath (cleaner) Sono Swiss
SW3H (ultrasonic frequency 38 kHz, effective ultrasonic
power 80 W) keeping the same level of the electrolyte
and water in the ultrasound bath (Fig. 2).

The electrolyte was heated up to the 60 ◦C and
this temperature was kept throughout the electrosyn-
thesis procedure which was performed under con-
tinuous ultrasound impact. The mode of pulsed
potential was maintained using the potentiostat-
galvanostat SP-150 (France, BioLogic) interfaced with
the EC-Lab (v10.23) software. The working elec-
trode (cathode) was the 0.5 mm thick titanium alloy
Ti90–Al6–V4 plate with dimensions of 3 × 100 mm2.
It was dipped by about 20 mm in the electrolyte dur-
ing the synthesis process. Thus the working area of this
electrode was approximately 140 mm2. It should be em-
phasized that the main reason for choosing a Ti alloy
as a working electrode (cathode) was a poor adhesion
of electrodeposits on this alloy [51]. Two square-shaped
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Fig. 2. Experimental setup: HE — heating coil,
US — piezoelectric ultrasonic transducer, WE — work-
ing electrode, E — saturated Ag/AgCl reference elec-
trode, CE — counter (auxiliary) electrode; electrolyte
containing tungstate(VI) and cobalt(II) ions.

Fig. 3. Fragment of chronovoltamperometic pattern
obtained during continuous ultrasound assisted pulsed
electrochemical synthesis of W–Co NPs.

platinum plates with dimensions of 10× 10 mm2 each
were symmetrically arranged on both sides of the work-
ing electrode as auxiliary electrodes (two parallel con-
nected anodes). Before the experiment the Ti alloy work-
ing electrode surface was polished with No. 600 emery
paper, washed with distilled water, and degreased with
isopropanol. The potential control of the working
electrode (cathode) was carried out using the satu-
rated Ag/AgCl electrode for reference. During the ex-
periment the working electrode was pulse polarized
from a steady-state potential of approximately −0.16 V
to −1.5 V (vs. Ag/AgCl). The impulse duration
was timp = 500 ms. The electrochemical system relaxed
between the pulses under the open circuit conditions
for tocc = 800 ms. The sonoelectrochemical synthesis
in the pulsed potential mode lasted 1 h. The fragment of
chronovoltamperometric pattern is shown in Fig. 3.

Freshly synthesized W–Co NPs were transferred from
the aqueous electrolyte to the trichloromethane (chlo-
roform, CHCl3) solvent insoluble in water protecting
them from corrosion. Transfer of W–Co NPs was per-
formed by centrifugation of mixture containing equal
volumes of trichloromethane and electrolyte. This was
possible due to the fact that the density of CHCl3
(d = 1.483 g/cm3) is higher than that of water. Cen-
trifugation was carried out for 30 min in the laboratory
centrifuge CL-1 at the speed ≥ 3500 rpm.

2.3. Characterization methods of nanoparticles
Two commercially available monochromatic lasers: red

beam (wavelength, λ = 640 nm, power, N = 1 mW) and
green beam (wavelength λ = 532 nm, powerN = 50mW)
were used for irradiation of the electrolyte after the en-
tire sonoelectrochemical synthesis procedure searching
for the Tyndall effect which proves the presence of dif-
ferently sized nanoparticles in the electrolyte. The size
of synthesized W–Co NPs and distribution according to
their size was investigated in detail by photon correla-
tion spectroscopy (PCS) using the Delsa™ Nano C (USA,
Beckman Coulter) analyzer.

The morphology of W–Co NPs and their chemical
composition were investigated with a scanning electron
microscope (SEM, FEI Quanta 200 FEG) with the at-
tached energy dispersive spectroscope (EDS, Bruker
XFlash® 4030). The solution or, more precisely, sus-
pension of W–Co NPs in trichloromethane was dripped
on a polished silicon wafer (20 mm×20mm) and particles
remaining on the silicon substrate after the evaporation
of volatile organic solvent were analyzed. More detailed
information about morphology of W–Co NPs was ex-
tracted from the transmission electron microscope (TEM,
JEOL JEM 1210; maximal accelerating voltage 120 kV)
images.

3. Results and discussion

3.1. Electrochemical formation mechanism
of W–Co alloy

It is known that the aqueous alkaline tungstate
M2WO4 solution (here M = Li, Na, K) is commonly
used for the tungsten electrodeposition [36, 38]. How-
ever, for the electrochemical reduction of tungstate(VI)
to metallic W(0) up to 6 electrons there are required [36]:

WO2−
4 (aq) + 8H+

(aq) + 6e− →W(s) + 4H2O(l),

E0 = +0.049 V. (1)
Although the positive value of potential E0 might lead
to the theoretical assumption that the metallic tungsten
should be easily electrodeposited from the aqueous solu-
tions of salts but in practice such a large number of elec-
trons (up to 6 electrons) in one elementary electrochem-
ical reaction step cannot take part. Therefore tungstate
reduction to metallic W should take place in several sim-
ple intermediate stages [38]. The first stage of electro-
chemical reduction of tungstate to tungsten(IV) oxide
occurs in the presence of only two electrons:
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WO2−
4 (aq) + 4H+

(aq) + 2e− →WO2(s) + 2H2O(l),

E0 = +0.386 V. (2)
Further tungstate reduction to metallic W is aggra-
vated due to ongoing unfavourable electrochemical pro-
cess — the release of gaseous hydrogen by reduction
of H+ ions and/or H2O molecules (depending on the elec-
trolyte composition, temperature, pH, etc.). The lat-
ter process results in relatively low hydrogen over-
voltage values of formed tungsten–oxygen compounds
on the surface. The hydrogen evolution can cause lo-
cal changes in the pH leading to selective precipitation
of some species at the growing deposit interface or in-
duce morphological transitions and hydrogen embrittle-
ment of the deposits.

Induced co-deposition is a well known electrodeposi-
tion mechanism of iron group metals (Fe, Co, Ni) and
is used also for the formation of electrocoatings consist-
ing of molybdenum and tungsten alloys. The induced
co-deposition occurs when the cations of iron group met-
als are present in the electrolyte (in this case Co2+ ions),
to form alloys of these metals (W–Co alloys) [46, 52–54].
It should be stressed that Co2+ ions are complexed with
citrate C6H5O3−

7 ions in the electrolyte
Co2+(aq) +C6H5O

3−
7 (aq) → [Co(II)(C6H5O7)]

−
(aq). (3)

Taking into account the presence of this complex ion
in the electrolyte, the main electrochemical reactions
on the cathode are
[Co(II)(C6H5O7)]

−
(aq) + e− → [Co(I)(C6H5O7)]

2−
(ads), (4)

[Co(I)(C6H5O7)]
2−
(ads) + e− → Co(s) +C6H5O

3−
7 (aq). (5)

At the same time the reduction of tungstate(VI) ions
is catalyzed by the complex particles [Co(II)C6H5O7]−
and the following reactions occur also on the cathode:

WO2−
4 (aq) + [Co(II)(C6H5O7)]

−
(ads) + 2H2O+ 2e− →

[Co(II)(C6H5O7)WO2]
−
(ads) + 4OH−

(aq), (6)

[Co(II)(C6H5O7)WO2]
−
(ads) + 2H2O+ 4e− →

W(s) + [Co(II)(C6H5O7)]
−
(aq) + 4OH−

(aq). (7)
W and Co atoms deposited on the cathode in this way
form the W–Co alloy. Free hydrogen is also formed
at the cathode due to the side reactions taking place
in the weak alkaline electrolyte

2H2O(l) + 2e− → H2(g) + 2OH−
(aq) (8)

It should be also mentioned that the following reaction
is present at the insoluble anode:

4OH−
(aq)−4e

− → 2H2O(l) +O2(g) (9)

3.2. Experimental formation and characterization
of W–Co NPs

Deposition of W–Co alloy aggregates on the cath-
ode was performed based on the described electro-
chemical synthesis method under continuous assistance

of ultrasound. Since an amount of free hydrogen was
also present at the cathode, the ultrasound was responsi-
ble for cavitations followed by explosive collapsing of hy-
drogen bubbles within a very short period of time after
formation, growth, and retraction. Taking into account
week adhesion of electrodeposits on the surface of Ti
and its alloys, freshly formed aggregates of Co–W alloy,
i.e. Co–W NPs, were easily detached from the surface of
Ti alloy cathode. Detached NPs were subsequently dis-
persed in the electrolyte bulk. Formation of W–Co aggre-
gates was possible due to several reasons: (1) particular
surface areas of Ti alloy electrode (e.g. edges and cor-
ners) may act as those with higher cathode current den-
sity where the growth of NP aggregation is promoted by
each pulse of the cathode current; (2) due to different ad-
hesion of nanoparticles in various surface areas of working
Ti alloy electrode some particles formed by the cathode
current are not detached from the surface of electrode
under cavitation when the system operates in the open
circuit mode. These particles act as nucleation centers
for growing of aggregates during the following current
pulses. The aggregates grow continuously until the criti-
cal mass necessary for particle detachment from the elec-
trode surface is achieved; (3) agglomeration of individ-
ual nanoparticles to large-scale aggregates when they are
transferred from the aqueous electrolyte to an organic
solvent (chloroform).

Fig. 4. Tyndall cones of scattered light in cuvettes
with sonoelectrochemically synthesized W–Co NPs dis-
persed in the electrolyte: (a) red laser beam
(λ = 640 nm, 1 mW) illumination, (b) green laser beam
(λ = 532 nm, 50 mW) illumination. R indicates refer-
ence cuvettes filled with fresh electrolyte.
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The presence of sonoelectrochemically synthesized
nano/microparticles dispersed in the electrolyte was
checked by passing the laser beams (red λ = 640 nm
and green λ = 532 nm) through the solution. Typical
Tyndall cones of scattered light were observed in both
cases (Fig. 4 and b). This phenomenon is always ob-
served when nanosized colloidal particles are dispersed
in solution. Moreover, different shapes and intensities of
the Tyndall cones observed in the colloidal solution when
laser beams of different wavelengths pass through it,
proves the presence of differently sized W–Co NPs in it.
For the comparison the reference cuvettes (indicated as R
in Fig. 4a and b) filled with the same electrolyte be-
fore the sonoelectrochemical synthesis were illuminated
by laser beams as well. No scattered light (the Tyndall
cone) was observed in these cuvettes.

Once detected, the size of synthesized W–Co NPs was
investigated by PCS. It was found that the particle size
varied from 100 nm to 500 nm. The smallest detected
particle had a size of 70 nm, and the biggest 930 nm.
The normalized distribution of the detected particles ac-
cording to their size is provided in Fig. 5.

Fig. 5. Normalized distribution of sonoelectrochemi-
cally synthesized W–Co NPs.

The surface morphology of the deposited particles,
and their approximate chemical composition were studied
by SEM and TEM. Analyzing typical SEM and TEM im-
ages of sonoelectrically synthesized W–Co NPs (Fig. 6),
it was found that despite different sizes the majority of
produced particles had a spherical shape. More detailed
evaluation of particle size was performed measuring a di-
ameter of particles in several directions in the SEM and
TEM images. It was found that the most frequent
particles sizes were around 100, 250, and 500 nm. How-
ever, it should be pointed out that some larger structures
consisting of already aggregated nanoparticles were also
observed.

The internal structure of W–Co NPs was analyzed
using TEM images. An example of the TEM im-
age is provided in Fig. 6c where possible dispersion
of Co nanoparticles within W nanoparticles could be

Fig. 6. SEM ((a), (b) and (c)) and TEM (d) images
of synthesized W–Co NPs by continuous ultrasound as-
sisted pulsed electrodeposition.

observed. This is related to the fact that the fraction
of Co atoms in nanoparticles is much smaller than that
of W atoms in nanoparticles. According to the per-
formed EDS measurements the estimated atomic ratio
of W and Co is 23:4. It corresponds to the tungsten con-
tent in W–Co NPs approximately of 85 at.% as compared
to 15 at.% of cobalt. Oxidation of W–Co NPs surface was
also very likely.

4. Conclusions

The electrochemical synthesis of nanoparticles was per-
formed under continuous ultrasound irradiation apply-
ing the pulsed potential mode. A simple technique
was used for this purpose integrating usual ultrasonic
bath (cleaner) as the ultrasound source. The size of syn-
thesized W–Co alloy nanoparticles varied from 70 nm
to 930 nm. However, 100 nm and 250 nm sized spherical
particles were dominant. The following reasons can be
related to production of non-uniform sized NPs: (1) non-
uniform growth rate of nanoparticles on different surface
areas of Ti alloy cathode; (2) non-uniform adhesion of
particles on the cathode due to its surface inhomogene-
ity which is related to non-uniform detachment of formed
particles from the cathode surface when continuous ultra-
sound is applied and growth of remaining on the cath-
ode surface NPs to the larger aggregates during the fol-
lowing cathode current pulses; (3) the agglomeration of
smaller particles to larger aggregates during their trans-
fer from the aqueous electrolyte to an organic solvent.
The estimated atomic concentrations of W and Co in NPs
were 85 at.% and 15 at.%, respectively, and this corre-
sponds to their atomic ratio 23:4. Despite the work which
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should be done by increasing the uniformity of synthe-
sized NPs, the discussed sonoelectrochemical synthesis
method can be used for simple and cost effective produc-
tion of W–Co alloy nanoparticles.
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