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Anthracene mediated electrochemical synthesis of metallic cobalt
nanoparticles in solution
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A B S T R A C T

The metallic cobalt nanoparticles in the bulk solution were obtained by antracene mediated reduction of
[EoCl4]2� in the potentiostatic electrolysis in an undivided cell at the potential of the anthracene
reduction to radical anion at room temperature in DMF/0.1 M Bu4NCl media. [EoCl4]2� ions are generated
by the sacrificial cobalt anode dissolution during the electrolysis. The metal particles are oxidized upon
contact with the air to form the oxidized cobalt nanoparticles with a low dispersity (20–30 nm).
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1. Introduction

In recent years, the metal nanoparticles are of great scientific
interest due to their unique physical and chemical properties
different from those of bulk metals, and a wide variety of potential
applications in the field of catalysis, biomedicine, optics, electron-
ics and other [1–7]. Methods of preparation of metal nanoparticles
are quite diverse. They are conventionally divided into physical,
chemical and sometimes into biochemical ones. The electrochem-
ical methods of obtaining of metal nanoparticles in solution have
found only limited application [6–14], although the electrochemi-
cal reduction of the metal ions and complexes is the classical
method of producing metals, metal plating, metal black on the
electrode surface on an industrial scale [15]. This is primarily
because the direct reduction of metal ions results in metal
deposition on the electrode surface. For example, when using this
method of producing silver nanoparticles in solution, up to
80 percent of the metal is deposited on the electrode surface
[11]. The problem of deposition is partially solved by a combination
of the metals accumulation process during a short current impulse
followed by the metal transfer from the surface into the solution by
means of sonification of the working electrode (pulse sonoelec-
trochemistry) [12–14].

It seems that another more efficient approach to implementa-
tion of the electrochemical process for production of metal and
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metal-alloy nanoparticles in solution can be a transfer of electro-
reduction reaction of ions or their complexes from the electrode
surface into the solution using mediators. In the process of
chemical synthesis of a finely-dispersed metal using alkali metals
to reduce metal salts in ethereal or hydrocarbon solvents according
to Rieke process, organic electron carriers (naphthalene, biphenyl,
anthracene, etc.) are widely used as mediators [16–19]. The idea of
using organic electron carriers for generating highly reactive metal
(0) in solution by mediated electrochemical reduction of metal
ions and metal complexes have been used by us to create highly
efficient electrocatalytic systems for reduction of various organic
substrates [20]. Based on this idea [20] recently an efficient
electrosynthesis of palladium and silver nanoparticles have been
carried out by the mediated reduction of [PdCl4]2� in 60% aqueous
DMF [21,22] and DMSO [23], anode-generated silver ions Ag+ in
DMF [24] using methylviologen MV2+ and/or tetraviologen calix[4]
resorcine MVCA-En

8+ (n = 1,5,10) with n-alkyl substituents in the
resorcinol cycles as a mediator at potential of redox couples MV2

+/MV�+, MVCA-Cn
8+/MVCA-Cn

4�+. Tetraviologen calix[4]resorcines
also stabilized nanoparticles both in the solution and/or on the
electrode surface. In this article, the electrochemical synthesis of
cobalt nanoparticles in DMF/0.1 M Bu4NCl using anthracene as a
mediator is reported. Nanoparticles of cobalt and its alloys are of
interest as catalysts [16,18] and magnetic materials [19,25]. Co2+

ions are reduced harder than the above-mentioned ions, so a
reducing agent more effective than methylviologen radical cation
is required to reduce them. Therefore, the choice of a medium and a
mediator is made on the basis of earlier [20] findings of the
reduction of cobalt ions by anthracene radical anion.
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Fig. 1. CV curves of anthracene (1 mM) in DMF/0.1 ; Bu4NBF4 media using a glassy
carbon electrode. n = 100 mV/s.

V.V. Yanilkin et al. / Electrochimica Acta 168 (2015) 82–88 83
2. Experimental section

The investigation was carried out using the methods of cyclic
voltammetry (CV), electrolysis, dynamic light scattering (DLS) and
scanning electron microscopy (SEM).

The CV recordings were done with a P-30S potentiostat
(without IR-compensation) in argon atmosphere. The working
electrode was a glassy carbon disk electrode (@ = 2 mm) brazed in
glass. The electrode was cleaned by mechanical polishing with
diamond paste before each measurement. Platinum wire was a
counter electrode. The potentials were measured relative to the
aqueous saturated calomel electrode (SCE), E00 (Fc/Fc+) = +0.41 V.
Aqueous SCE was connected by a bridge filled with supporting
solution. The temperature was 295 K. The diffusion nature of
the peak currents ip was proven using the theoretical shape of the
voltammogram and the linear dependence ip– n1/2 by varying the
potential scan rate n from 10 to 200 mV/s, and the adsorption
nature was substantiated by the presence of an adsorption
maximum.

Anthracene,Eo(BF4)2�6H2O, the supporting electrolytes Bu4NBF4
(Aldrich), Bu4NCl (Fluka) and the solvent N,N-dymethylformamide
(DMF) (Alfa Aesar) were used as purchased without additional
purification.

The microelectrolysis was carried out in a three electrode
undivided glass cell in a potentiostatic mode in argon
atmosphere at room temperature (G = 295 K) using a P-30S
potentiostat. During the electrolysis, the solution (DMF, 0.1 M
Bu4NCl, 2 mM Anthracene, V = 20 ml) was stirred with a
magnetic stirrer. Glassy carbon tissue was the cathode
(S = 10 cm2); a cobalt plate (S = 4.2 cm2) was the anode; and
SCE was the reference electrode. SCE was connected by a bridge
filled with supporting solution.

When the electrolysis was over the solution was controlled
by CV on the indicator glassy carbon disk electrode (@ = 2 mm)
directly in the electrolyzer, and then, the metal particles formed
in the process of electrolysis were analyzed with DLS and SEM.

The DLS measurements were performed using Malvern
Instrument Zetasizer Nano. The measured autocorrelation func-
tions were analyzed with Malvern DTS software.

For carrying out the electron microscopic analysis the
solution was applied to the surface of the titanium foil
was previously cleared by sonification in acetone. Then the
sample was exsiccated at low heat (not above 40 �E).
The morphology of the SAMPLE surfaces was characterized in
plan-view with SEM using a high-resolution microscope
Merlin of Carl Zeiss combined with ASB (Angle Selective
Backscattering) and SE InLens (Secondary Electrons Energy
selective Backscattering) detectors, which was also equipped for
energy-dispersive X-ray spectroscopy (EDX) analysis with
AZTEC X-MAX energy-dispersion spectrometer from Oxford
Instruments.
Table 1
The characteristics of the reduction and reoxidation peaks of anthracene (1.0 mM), Eo(I
media.

Substrate X� Ep,red
1, V Ep,red1� Ep/2,red1, mV jp,re

anthracene BF4 �1.95 62 0.26
+ Co2+ �1.15 26 0.74
anthracene + Co2+ �1.21 50 0.70

anthracene Cl �1.92 65 0.26
Co2+ �2.22 137 0.55
anthracene + Co2+ �1.97 98 0.76
3. Results and discussions

3.1. DMF/0.1 ; Bu4NBF4 media

The cyclic voltammogram (CV) of anthracene recorded using a
glassy carbon electrode exhibits two diffusion one-electron
reduction peaks in the cathodic potential region, the first one is
reversible while the second is not (Fig. 1,Table 1). According to the
literature [20,26], a stable radical anion forms at the first peak
potential, while a dianion forms at the potentials of the second
peak which undergoes rapid irreversible chemical transforma-
tions. Two poorly separated irreversible oxidation peaks are
recorded on the anode region. The first peak (Ep,ox = 1.27 V) is
dominant and the second is faint.

Co2+ ions are reduced significantly easier than anthracene, the
reduction peak is sharp, irreversible and diffusion-controlled
(Fig. 2, Table 1). Two re-oxidation peaks are observed at potentials
near zero and 1.48 V on the reverse part of the CV curve, the first
peak is the adsorption. With the increase of Co2+ ions concentra-
tion the reduction peak and the first reoxidation peak increase
proportionally, while the second reoxidation peak somewhat
decreases. The rise of the oxidation current of bulk metallic cobalt
to form Co2+ starts from almost zero volts in this medium (Fig. 3).
Evidently, the recorded reduction peak of Co2+ corresponds to
its two-electron reduction to (Eo0)n, which is deposited on the
electrode and is oxidized at the first reoxidation peak potential.
The high steepness of the Co2+ reduction peak (Table 1) is due to
the easier Co2+ ions reduction on the as-deposited cobalt particles,
I) (2.0 mM), obtained by CV using a glassy carbon electrode in DMF/0.1 ; Bu4N+X�

d
1, mA cm�2 Ep,reox1, V Ep,red2, V Ep,reox2, V Ep,reox3, V

 �1.89 �2.53 – –

 0.01 – 1.48 –

 �1.87 �1.97 �0.05 –

 �1.85 �2.51 – –

 �0.44 – 0.72 –

 �0.54 – �0.02 0.68



Fig. 4. CV curves of Eo2+ (1 mM) in DMF/0.1 ; Bu4NBF4 media using a glassy
carbon electrode: (1) the initial solution; after the applying the potential E = �1.4 V
for (2) 1 min, (3) 3 min. n = 100 mV/s.

Fig. 2. CV curves of Eo2+ in DMF/0.1 ; Bu4NBF4 media using a glassy carbon
electrode at the concentration, mM: (1) 1, (2) 2, (3) 3, (4) 4, (5) 5. n = 100 mV/s.
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that is consistent with the decrease in the reduction current at less
cathodic potentials on the reverse CV curve (unusual hysteresis
curve for the CV). The same factor determines some dependence of
the peak potential on Co2+ ions concentration (Fig. 2) and the
facility of the reduction of the supporting solution in the presence
of cobalt ions. The rise of the reduction current of the supporting
solution starts at �2.8 V on the glassy carbon electrode and at
�2.3 V on the glassy carbon electrode with deposited cobalt. As for
the second reoxidation peak, the nature of the processes is not
sufficiently clear. Metal deposition and following its dissolution
results, probably, in the glassy carbon electrode surface activation
and easier oxidation of the supporting electrolyte on such
electrode that is formally recorded as the second reoxidation
peak on the CV curve.

The number of (Eo0)n particles on the electrode surface is
increased after applying the fixed potential E = �1.4 V (i.e. the
potential of Co2+ reduction) without stirring the solution that is
evident from the increase in their re-oxidation peak (Fig. 4). Upon
oxidation of these particles, Co2+ ions are formed again and are
reduced a little harder than on the initial electrode (Fig. 4).

The CV curve of anthracene and Co2+ mixture is an additive
curve of the individual components at all investigated ratios (from
Fig. 3. CV curves at the Eo electrode (S = 4.2 cm2) in DMF/0.1 ; Bu4NBF4 media,
n = 100 mV/s.
1:1 to 1:5) (Fig. 5), which indicates the independence of their
reduction under the CV curve recording conditions.

In presence of anthracene the direct Eo2+ reduction on the
electrode at E = �1.4 V during different periods of time without
stirring the solution results in the accumulation of (Eo0)n particles
on the electrode surface. Anthracene is not accumulated as
the permanent height of its first oxidation peak indicates (Fig. 6).
The oxidation of the deposited metal particles leads again to the
formation of Co2+ that follows from the increase of their reduction
peak on the reverse part of the CV curve (Fig. 6). Consequently,
electrochemical behavior of Eo2+ ions in presence of anthracene is
the same as in its absence, and the deposited metal particles are
not bound with anthracene.

The presence of anthracene in the solution influences the
properties of the produced metal particles at the potential of the
radical anions generation only. After applying the potential of
anthracene first reduction peak (E = �2.1 V), the reoxidation peaks
of the anthracene radical anions and the oxidation peaks of
anthracene are recorded with initial intensity on the CV while the
reoxidation peak of the cobalt particles (Co0)n is absent (Fig. 7). The
Co2+ reduction peak decreases with the increase of the incubation
Fig. 5. CV curves of the system anthracene (1 mM) – Co2+ in DMF/0.1 ; Bu4NBF4
media using a glassy carbon electrode at the concentration of Eo2+, mM: (1) 1, (2) 2,
(3) 3, (4) 4, (5) 5. n = 100 mV/s.



Fig. 6. CV curves of the system anthracene (1 mM) – Co2+ (1 mM) in DMF/0.1 ;
Bu4NBF4 media using the glassy carbon electrode: (1) the initial solution; after the
applying potential E = �1.4 V for (2) 1 min, (3) 3 min. n = 100 mV/s.

Fig. 8. CV curves of [CoCl4]2� (2 mM) in DMF/0.1 ; Bu4NCl media using a glassy
carbon electrode: (1) the initial solution; after the applying potential En = �2.2 V for
(2) 1 min, (3) 3 min. n = 100 mV/s.
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time, i.e. during the electrolysis at this potential the near-electrode
layer is depleted in Co2+ ions due to their reduction.

The results lead to the following conclusions:

(i) the electrochemically generated anthracene radical anions
effectively reduce Co2+ ions at room temperature in DMF/0.1 M
Bu4BF4 media;

(ii) the mediated electrochemical reduction of Co2+ ions at the
potential of anthracene radical anions generation is not
accompanied with deposition of the measurable amounts of
metal on the electrode surface.

3.2. DMF/0.1 ; Bu4NCl media

The replacement of BF4� anion of the supporting electrolyte
with Cl� does not affect the cathodic region of the anthracene CV
curve, but results in the following: (i) the limitation of the anodic
potential region to 0.8 V due to oxidation of chloride ions, therefore
anthracene oxidation potential is not achieved; (ii) the Co2+
Fig. 7. CV curves of the system anthracene (1 mM) – Co2+ (1 mM) in DMF/0.1 ;
Bu4NBF4 media using a glassy carbon electrode: (1) the initial solution; after the
applying potential E = �2.1 V for (2) 1 min, (3) 3 min. n = 100 mV/s.
reduction peak shift to 1.07 V in the negative direction (Table 1)
due to the formation of blue dianion complex [CoCl4]2� [27]. In
contrast to Eo2+, this dianion reduces harder than anthracene near
the reduction potential of the supporting solution, so its peak is
poorly expressed (Fig. 8). The reduction products are oxidized at
�0.44 V and +0.72 V. Bulk metallic cobalt begins to oxidize at zero
volts. Oxidation begins at �0.4 V on the activated surface that
follows the reverse CV curve (Fig. 9). Consequently, the peak at
�0.44 V relates to the metal particles oxidation. Interestingly, in
this case, their number on the electrode surface is not increased
with the increase in the reduction time (Fig. 8).

The first reduction peak of anthracene increases after adding
[CoCl4]2� to the anthracene solution (Fig. 10). And the reoxidation
peak of the metal particles appears at the same potentials as in the
absence of anthracene on the reverse part of the CV curve (Fig. 10).
The effects on both peaks increase with the increase of [CoCl4]2�

concentration. The reduction peak of the complex dianion is
absent on the CV at all the investigated ratios of anthracene
and [CoCl4]2� (from 1:1 to 1:5). Obviously, the effective mediated
Fig. 9. CV curves at the Eo electrode (S = 4.2 cm2) in DMF/0.1 ; Bu4NCl media.
n = 100 mV/s.



Fig. 10. CV curves of the system anthracene (1 mM) – [CoCl4]2� in DMF/0.1 ;
Bu4NCl media using the glassy carbon electrode at the concentration of Eo2+, mM:
(1) 0, (2) 1, (3) 2, (4) 3, (5) 4, (6) 5. n = 100 mV/s.

Scheme 1. Mediated reduction of [CoCl4]2� using anthracene as mediator.

Scheme 2. The mediated electrosynthesis of metallic cobalt nanoparticles (Eo0)n
using anthracene as a mediator and metallic cobalt as a supplier of Eo2+.
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electrochemical reduction of [CoCl4]2� occurs at the potential of
anthracene radical anions generation at the diffusion rate of
dianion complex to the electrode surface (Scheme 1).

The products of more prolonged reduction are metal particles of
different size which are, therefore, oxidized at different potentials
[28]. At least four poorly defined oxidation peaks are obtained on
the CV curve. As far as the peak intensity does not change with the
increase of the electrolysis time, it is possible to say that the
mediated generated metal particles are not noticeably deposited
on the electrode.
Fig. 11. CV curves of the system anthracene (2 mM) – Eo0 in DMF/0.1 ; Bu4NCl media u
(Q = 2 F/mol anthracene), and (3) in an hour after the electrolysis with the potential sc
Thus, according to cyclic voltammetry, the effectively mediated
Co2+ ions reduction is possible at the potentials of anthracene
radical anion generation in the both investigated media. Co2+ ions
can be added into the initial solution once or are generated by
dissoluting the anode during the electrolysis. In the first case, the
electrolysis should be carried out in the cathode compartment of a
diaphragm cell, while in the second case, a simpler electrolysis in
an undivided cell with a cobalt anode is to be used. The easier way
was chosen. Cobalt anode is activated in presence of Cl�, (Fig. 3). So
Bu4NCl was chosen as a supporting electrolyte to lower the
oxidation potential.

3.3. Preparative electrolysis

The electrolysis of anthracene solution (2 mM) was carried out
at the controlled potential of the anthracene first reduction peak
(E = �2.3 V) in an undivided cell in DMF/0.1 M Bu4NCl using a glassy
carbon tissue as a cathode and a cobalt plate as an anode. The
current remains almost constant (��25 mA) and 8.34�10�5 F (i.e.
2F/mol anthracene) was ran throughout the electrolysis. During
the electrolysis, the weight of the cobalt plate decreased by 2 mg,
which corresponds to the theoretical value (2.4 mg) calculated by
the Faraday's law for two-electron dissolution of cobalt to Co2+. The
pinkish color of the solution turned dark brown and the solution
after the electrolysis remained fully homogeneous. The anthracene
first reduction peak is of the same intensity after the electrolysis, as
it was before the electrolysis on the CV (Fig.11). The metal particles
oxidation peak is recorded at Ep,ox = �0.11 V in the anode region.
The peak intensity is not increased after the electrode has stayed in
the solution for 3 minutes without stirring and without an
overlaying potential. To summarize, these data lead to the
sing the glassy carbon electrode (1) before and (2) after the electrolysis at E = �2.3 V
an in (A) negative and (B) positive directions. n = 100 mV/s.



Fig. 12. Size distribution diagrams of �oxidized	 Co nanoparticles obtained after
the electrolysis.

Fig. 14. The qualitative analysis of �oxidized	 Co particles composition deposited
onto a titanium foil using the solvent evaporation method.

V.V. Yanilkin et al. / Electrochimica Acta 168 (2015) 82–88 87
following conclusions: (i) the metal cobalt is quantitively dissolved
to produce Co2+ ions; (ii) [CoCl4]2� is absent from the solution after
the electrolysis; (iii) anthracene really functions only as a mediator
and is absolutely not expended; (iv) an effective quantitative
transfer of bulk metallic cobalt(0) to the metallic cobalt(0)
nanoparticles in the solution occurs in the process of electrolysis,
(Scheme 2); (v) cobalt nanoparticles are not adsorbed on the
electrode surface.

Unlike Pd and Ag nanoparticles [21–24], the Co nanoparticles
generated under these conditions are oxidized with oxygen;
therefore the deep dark brown solution is quickly decolorized
upon contact with the air and becomes dark green. This color is
preserved for at least a week. The metal oxidation peak is also
observed on the CV curve of the “oxidized” solution but it is much
less intense and occurs at a more positive potential Ep,ox = 0.21 V.
According to the dynamic light scattering (DLS) data, the average
hydrodynamic diameter of the oxidized metal particles is 24 nm
(PdI = 0.448 � 0.027) (Fig. 12). Apparently, cobalt remains a metal
only in the center of nanoparticles and exists in the form of oxides
in the outward part.

According to the scanning electron microscopy (SEM), the solid
phase obtained after deposition onto titanium foil by the solvent
evaporation method also has particles in the same size range
(generally 20–30 nm) (Fig. 13A). However, in this case, all other
components (anthracene and Bu4NCl) of the solution except metal
are also deposited, therefore it is not possible to determine the
Fig. 13. SEM images of Co0 nanoparticles deposited onto a titanium foil using the solvent
dispergation in water by sonification.
nanoparticles nature. This is why the nanoparticles was separated by
centrifugation (15 000 rpm) for 2 hours. The brown precipitate is
deposited on the walls of the test tube; it was separated from the
solution; was washed with acetone and was dispersed in double-
distilled water by sonification. The resulting solution was again
examined using the same SEM procedure (Fig. 13B). The qualitative
elemental analysis shows the presence in the sample of mainly
cobalt, oxygen, carbon and chlorine (Fig. 14), i.e. cobalt oxide and
some Bu4NCl. In this case, smaller sized (5–10 nm) nanoparticles are
also found in a much smaller quantity. The considerable amount of
the oxidized metal is in the form of larger particles.

4. Conclusions

Previously [21–24], a high efficiency of the new method
developed by us for the mediated electrosynthesis of a fine metal
in a liquid phase using the mediated reduction of their ions or
complexes has been shown exemplified by the palladium and
silver nanoparticles. In this study, a high efficiency of the method
has been demonstrated for the synthesis of cobalt nanoparticles by
using anthracene as a mediator in the electrolysis at the potential
of anthracene reduction to the radical anion in aprotic DMF and
generating [CoCl4]2� ions by dissolving the bulk cobalt anode
during the electrolysis. The cobalt nanoparticles are oxidized by
atmospheric oxygen that indicates the accessibility of the surface
and high reactivity.
 evaporation method (A) after electrolysis and (B) after the following separation and
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