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Abstract: Effects of citrate concentration and pH on the electrochemical reduction process of Co(IT) were investigated by cyclic
voltammetry(CV) and electrochemical impedance spectroscopy(EIS). The results show that Co(II) is reduced into two species which
are free Co*" and [Co(CgHsO,)] in the solution composed of 0.05 mol/L CoSO,5H,0, 0.20 mol/L Na,SO4 and 0-0.40 mol/L
C¢Hs07Na;2H,0 in the pH range of 3—9. The reduction behavior depends on the pH of the solution. Co(I) is mainly reduced into
the form of free Co*" at pH 3 and into the form of [Co(C¢H0-)] at the pH range of 46 in citrate solution. The [Co(CsHgO-)] is first
reduced to an intermediate state and then to Co’. Adsorption of the intermediate state exists on the surface of the electrode. Co(Il) is
difficult to be reduced in the solution with the pH above 7, because the existing Co(II)-citrate complex species [Co(C¢HsO7)] and
[Co(C¢H40,)* are more difficult to be reduced than the hydrogen ion.
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1 Introduction

Cobalt electrodeposits are usually used as functional
coatings because of their high temperature resistance and
anti-oxidation properties, and cobalt alloy electrodeposits
[1-3] and multiplayer cobalt electrodeposits [4,5] have
also attracted a great interest due to their advanced
magnetic  properties.  Electrochemical
mechanism of Co(Il) in citrate solution can provide
theoretical guidance for the electro-deposition of cobalt
and cobalt alloy. Some investigations have been devoted
to the technologies and kinetics of cobalt electro-
deposition in chloride solutions [6,7] or sulfate solutions
[8—12]. The existing theoretical researches have been
focused on the simple cobalt solution without any
complexant or with ammonia only [10,13]. The
nucleation mechanism [10—12] and underpotential [12,14]
deposition have been of special concern.

It is necessary to add complexant such as citrate into
the solutions to change the structure of the coatings and
improve its performance during cobalt deposition. Some
studies considering the influence of citrate during the
cobalt electro-deposition have been reported. REHIM et

reduction

al [15] discussed effects of bath composition, current
density, pH and temperature on the electro-deposition of
cobalt by potentiodynamic cathodic polarization curves,
and an optimum bath composition with 0.36 mol/L
CoS0O47H,0, 0.19 mol/L citrate and 0.10 mol/L citric
acid at pH 5.0 has been established. Some other
investigations [16,17] on the morphology and structure
of the cobalt coating obtained by electro-deposition in
citrate solution were performed. However, more
attentions have been paid to the exploitation of the
deposition technology and characterization of the deposit,
and seldom theoretical work has been performed on the
electrochemical behavior and reduction mechanism of
the cobalt deposition in citrate solutions, and also the
electrochemical impedance spectroscopy analysis has
been seldom applied.

Thus, the present work investigated systematically
the effects of citrate concentration and pH on the
electrochemical reduction process of Co(Il) in citrate
solution by CV and EIS. Especially, the complex species
of Co(Il) and citrate in the
corresponding electrochemical reduction process were
discussed, which was very important earlier stage work
for exploiting the technology of cobalt alloy deposition.

solution and their
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2 Experimental

2.1 Solution preparation

All of the solutions were prepared with analytical
reagents and redistilled water to ensure the stability of
ions in the solution. The solution compositions are listed
in Table 1. A pHS-2C precision acidity meter was used to
measure the pH value of the solutions. And the pH value
was adjusted by adding sodium hydroxide solution or
sulfuric acid solution with the concentration of 20%
(volume fraction).

Table 1 Composition of solutions

Solution Composition/(mol-L™") pH
No.  C0SO,7H,0 C¢Hs;O,Nay2H,0 Na,SO, value
1 0.05 - 020 5.14
2 0.05 0.05 020 5.0
30 0.05 0.10 020 572
4 0.05 0.15 020  6.06
5 0.05 0.20 020 642
6 0.05 0.40 020  6.90

[ The pH of solution 3 was adjusted to different values for investigating the
effect of pH value.

2.2 Electrochemical measurement

The electrochemical measurements were carried out
by a PARSTAT 2273 (Princeton Applied Research) at
(25+1) °C. A conventional three-clectrode cell was
adopted. The working electrode was a pure Au plate with
a working area of 1.0 cmx1.0 cm. The auxiliary
electrode was a platinum plate with a working area of 3.5
cmx6.5 cm. And the reference electrode was a saturated
calomel electrode (SCE). The working electrode was
polished with a cloth-wheel, and then degreased by
cathodic electrolysis in alkaline solution to ensure a
smooth and clean surface before measurement. The
solutions were not stirred during the measurement.

The cyclic voltammogram measurement was started
at the opening circuit potential with the scanning rate of
200 mV/s, and the first cycle was recorded. All the
potentials in this work referred to the SCE reference
electrode, and the cathodic current was set as being
positive. The EIS measurements were performed in the
frequency range of 10 mHz to 100 kHz with signal
amplitude of £5 mV.

3 Results

3.1 Effects of citrate concentration on electrochemical
reduction process of Co(ll)
The CV curves of Au electrode in solutions with
various citrate concentrations (Solutions No. 1—6 in
Table 1)
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Fig. 1 CV curves of Au electrode in solutions with various
citrate concentrations: (a) Whole curves; (b) Amplified curves

of cathodic-scanning peaks

are shown in Fig. 1. The scanning potential range is from
0.5 to —1.4 V. Figure 1(a) shows the whole CV curves,
and Fig. 1(b) illustrates the amplified CV curves of the
cathodic scanning peaks. Only one sharp reduction peak
(peak P,) with the initial potential of —0.8 V is observed
in the cathodic-going process of curve a. It is attributed
to the reduction of free Co®* to Co’. The initial potential
of reduction peak Py at curves b—f is about —1.0 V, and
the peak current decreases gradually from curve b to
curve f as the concentration of citrate increases.
Hydrogen evolution starts at the potential of about —1.3
V in curve a and at about —1.4 V in curves b—f,
respectively. It can be concluded that reduction of Co(II)
becomes more difficult due to the formation of
Co(II)-citrate complex when citrate is added. The peak
current of P decreases with the increase of citrate
concentration  because  concentration  of  the
corresponding Co(Il)-citrate complex is reduced. The
Co(II)-citrate complex can turn to a kind of new and
more stable Co(II)-citrate complex with the improving of
citrate concentration, and the reduction potential of the
complex is more negative than that of the hydrogen ion.
The CV curves of Au electrode in solution 2 were
measured under different scanning rates, as shown in
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Fig. 2(a), to get more information about peak Pg. The
relationship between J, and v as well as J, and v"* for
peak Pg, and their corresponding linear fitting results are
shown in Fig. 2(b). According to the Langmuir
isothermal adsorption rule, there is a linear relationship
between J, and v if ion adsorption exists in the
corresponding reactions, while J, will change linearly
with the extracting roots of scanning rate v if the
current peak is caused only by ion diffusion. It can be
seen from Fig. 2(b) that there is a good linear
relationship between J, and v for peak Pg, indicating that
adsorption exists in the reduction process.

12.5 “(a)
— 60mV/s
100F —.c. 70 mV/s :
----- 90 mV/s
HOF iz 100 mV/s

Current density/(mA+cm™)

-0.25 -050 -0.75 -1.00 -1.25 -1.50

Potential/V
1-"-"3;’{mV-s"}"'3
IZ? 8 9 10 -
(b)
1k 114
113
o 10} T
= 112
P o
e 9F 411 «
£ £
= gk 110 =
e 19
2 18

60 70 80 90 100
v/(mV-s")
Fig. 2 CV images of Au electrode in solution 2 at different
scanning rates: 60, 70, 80, 90, and 100 mV/s, respectively (a)
and relationships between J, and v as well as J, and vl
peak B in (b)

for

3.2 Effects of pH value on electrochemical reduction
process of Co(ll)

The CV curves of Au electrode in solution 3 at
different pH values are shown in Fig. 3. The scanning
potential range is from 0.5 to —1.4 V. Figure 3(a) shows
the whole CV curves, and Fig. 3(b) illustrates the
amplified CV curves of the cathodic scanning peaks.
Results show that reduction process changes greatly with
the variation of pH of the solution. Peak P, starts at

about —0.8 V and peak P starts at about —1.0 V when
the solution pH value is 3. With the increasing of the
solution pH, current density of peak P gets weaker at
pH 4(curve b) and then disappears at pH 5(curve b), peak
Pg becomes weaker from pH 4 to 7(curves b to ¢). When
the pH of the solution is above 7(curves f and g), no
reduction peak is observed except the current of
hydrogen evolution starts at about —1.4 V. The
corresponding oxidation peaks in the CV curves at pH 8
and 9 is almost not seen either. The current efficiency of
cobalt deposition in the solution is 70.5% at pH 5 and
12.1% at pH 8, respectively, at the current density of 10
mA/cm®. Both the CV results and the current efficiency
results lead to the same conclusion that cobalt is very
difficult to be deposited from basic citrate solution in the
pH range of 8-9.
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Fig. 3 CV curves of Au electrode in solutions composed of 0.05

mol/L CoSO47H,0, 0.20 mol/L Na,SO, and 0.10 mol/L
C¢HsO7Na;2H,0 (solution 3) at different pH value: (a) Whole
curves; (b) Amplified curves of cathodic-scanning peaks

3.3 EIS analyses

The electrochemical reduction kinetics of the three
reduction peaks (P4, P and Pc) are investigated by EIS.
The measuring potentials are shown in Fig 4, and the EIS
results are shown in Fig. 5.

Figures 5(a) and (a') show the Nyquist and Bode
plots measured at the potentials of —0.75 and —0.85 V
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Fig. 4 Corresponding potentials in CV curves used for EIS
measurement: (a) Curve a in Fig. 1, peak P,; (b) Curve b in
Fig. 1, peak Pg; (c) Curve a in Fig. 3, peak Pc

(the potential range of peak P, in Fig. 4). It can be seen
that the Nyquist plots measured at —0.75 V are composed
of a large -capacitive loop, indicating that one
electrochemical reaction takes place, and the resistance
of the reaction is large at this potential. As the potential
shifts to —0.85 V, the Nyquist plots comprise a small
capacitive loop in the high frequency range followed by
a straight line in the low frequency (as shown in the inset
of Fig. 5(a)), and the Bode plots contain two peaks. The
peak in the low frequency of the Bode plots is caused by
the finite diffusion of the reactant [18]. It reveals that the

electrochemical reaction carries out easily and diffusion
of the reactant is the controlling step. Considering the
above CV analyses, it can be concluded that diffusion of
Co™" to the surface of the electrode is the controlling step
during the reduction of Co* to Co.

The Nyquist and Bode plots measured at the
potentials of —0.85, —0.95, —1.00 and —1.05 V (the
potential range of peak Py in Fig. 4) are shown in
Figs. 5(b) and (b'). The Nyquist plots measured at —0.85
V comprise two sections: a capacitive loop in the high
frequency range and an inductive loop in the low
frequency range. The existence of the inductive loop
located in the fourth quadrant is arisen by the
adsorption—desorption behavior, which coincides well
with the CV result. As the potential becomes more
negative, the Nyqusit plots turn to a capacitive loop in
the high frequency range and an inductive loop followed
by another capacitive loop in the low frequency range,
respectively. The Bode plots contain two peaks,
indicating that the reduction process contains two
reactions. Combining the CV results, it is known that
peak Py is caused by the reduction of the Co(Il)-citrate
complex. It is concluded that the reduction is
accomplished by two steps, and the existence of the
inductive loop located in the fourth quadrant could be
aroused by the adsorption and desorption of intermediate
product. Thus, several possible equivalent circuits were
proposed according to the above analyses of the Nyquist
and Bode plots, and the best-fit circuit is shown in Fig. 6.
The EIS results of peak Py at —0.85, —0.95, —1.00 and
—1.05 V were fitted in the frequency range of 10 mHz to
10 kHz according to the equivalent circuit (Fig. 6). The
fitting results are shown in Fig. 7. In the equivalent
circuit, Ry is the bulk solution resistance; C, is the double
layer capacitance; R, is the resistance of the reduction of
Co(Il)-citrate to the intermediate state; L is the
equivalent inductance caused by the adsorption and
desorption; Rp is the equivalent resistance; C, is the
capacitance of the reduction of the intermediate state to
Co% R, is the resistance of the reduction of the
intermediate state to Co°. It is concluded that the
Co(Il)-citrate is first reduced to an intermediate state and
then to Co’, adsorption and desorption of the
intermediate state exist on the surface of the electrode.
The values of the electrochemical parameters of the
best-fit equivalent circuits at —0.95, —1.00 and —1.05 V
are listed in Table 2. It could be found that all the
electrochemical parameters change regularly as the
potential decreases. The resistance of the reduction of
Co(II)-citrate to the intermediate state decreases with the
decrease of the potential, while that of the intermediate
state to Co’ increases with the decrease of the potential.
The equivalent inductance caused by the adsorption and
desorption becomes weaker at more negative potential.
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Fig. 5 EIS plots measured at different potentials of peak P, Py and P in different solutions: (a) Nyquist plots of peak P, in solution
1; (a") Bode plots of peak P, in solution 1; (b) Nyquist plots of peak Py in solution 2; (b") Bode plots of peak Py in solution 2; (c)
Nyquist plots of peak P in solution 3; (c) Bode plots of peak Pc in solution 3

Fig. 6 Equivalent circuit for Co(I)-citrate complex reduction at
potentials of —0.85, —0.95, —1.00 and —1.05 V in solution
composed of 0.05 mol/L CoSO,4 5H,0, 0.20 mol/L Na,SO, and
0.05 mol/L C¢HsO;Na3-2H,0

Figures 5(c) and (c') show the Nyquist and Bode
plots measured at the potentials of —0.75, —0.85 and
—0.95 V (the potential range of peak P¢ in Fig. 4). The
Nyquist plots are composed of a capacitive loop, and the
radius of the capacitive loop reduces as the potential
shifts negatively. The Bode plots possess only one peak,
and the reduction resistance becomes smaller as the
potential turns negative.

4 Discussion

The results of CV show that three cathodic
reduction peaks (P,, Pg and Pc) appear in the Co(Il)-
citrate solution within the pH range of 3—9. Those
different reduction peaks attribute to the various Co(II)
species existing in the solution and to be reduced on the
surface of the electrode. Different Co(II)-citrate complex
species are formed in the citrate solution, the distribution
curve [19] obtained in the solution with the most similar
composition in our research is cited, as shown in Fig. 8.

The existing Co(Il)-citrate complex species are
[Co(CeHs07)] and [Co(CeH4O7)* at pH 8-9 according
to Fig 8. Considering that the current efficiency of cobalt
reduction is very low in citrate solution at pH 89, it can
be concluded that reduction potentials of [Co(CsHs07)]
and [Co(C¢H40,)]* are more negative than the hydrogen
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Table 2 Fitted values of electrochemical parameters of equivalent circuits at —0.95, —1.00 and —1.05 V in solution composed of 0.05
mol/L CoSO,4-5H,0, 0.20 mol/L Na,SO, and 0.05 mol/L C¢Hs0sNaz-2H,O

Potential/V.  Ry(Q-cm?) Q/(F-cm?) Ri/(Qem?) L/Hem®  R/Qcem?)  QY(Fem?)  Ry/(Q-cm?)
—-0.95 1.4 1.7x107*(n 0.83) 56.9 13.2 118.7 2.5 0.97) 9.0
—1.00 2.0 2.4x107*(n 0.81) 53.6 2.9 88.4 0.3 (n0.94) 343
—1.05 2.1 2.8x107*(n 0.78) 47.4 1.7 79.2 0.1 (n 0.78) 90.3

100 - evolution potential. [Co(CsHs0;)]” and [Co(Ce¢Hs50,)2]*
i CoLHZ are the main existing species in the Co(Il)-citrate

30k Col” solution when the pH of the solution is about 6. Higher
coordinate complex is more stable than lower coordinate

601 complex, thus, it is inferred that [Co(CsHs05),]* is more

2\} stable than [Co(C¢HsO)], and also more difficult to be
3 40 reduced on the surface of the electrode. Therefore, the
reduction potential of [Co(CsHsO,),]* is also more

CoLH CoL¥ negative than the hydrogen evolution potential. Co(II)

20r exists as free Co>", [Co(CeHsO-)]” and [Co(CeHO7)] in
weak acid citrate solution (pH 4-5), thus, peak Py is

02 4 6 ) 10 ascribed to the reduction of [Co(C¢HeO7)]. Co(ll) is

pH reduced mainly into the form of [Co(C¢H¢O)] in the

Fig. 8 Speciation curves for complexes formed in Co(II)-citrate
system at 1:2 molar ratio of metal ions to ligand investigated by
KOTSAKIS et al [19] (L refers to cit’~ with molecular formula
of CcH037)

citrate solution with the pH range of 4—5. Free Co*" ion
is the mainly species in the Co(II)-citrate solution at pH
3. There are two reduction peaks which are peak Py and
Pc in the CV curves at pH 3. The initial potential of peak
Pc is close to that of the free Co®" ion, leading to the
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conclusion that peak P¢ is also attributed to the reduction
of free Co*" to Co’. The CV results and the cited
distribution curve coincide well.

Combining the CV and EIS results as well as the
citing distribution curve, it can be concluded that peak
P4 owns to reduction of free Co*" directly to Co” by one
step, while peak Py refers to the reduction of
[Co(CsHgO7)] which is first reduced to an intermediate
state and then to Co”; adsorption and desorption of the
intermediate state exist on the surface of the electrode.
Peak P¢ is also attributed to the reduction of free Co’" to
Co°. The corresponding reduction reactions are listed in
Table 3.

Table 3 Reactions of peak P, Py and Pc

Peak Reaction
P4, Pc Co*"+2e—Co’
[Co(C4HgO7)]+e— Inter,
Inter + ¢ — Co® + C,H 03"

Py

The cyclic voltammogram measurement was also
performed on pure Cu substrate for comparison in cobalt
solution (solution 1). It is found that the initial reduction
potentials of free Co>" to Co” are basically same on Cu
substrate and Au substrate, which illustrates that the
nucleation barriers of cobalt crystallization on Cu
substrate and Au substrate are close. However, the
adsorption behaviors of citrate may be very different on
Cu substrate and Au substrate. Further investigations
should be performed when the technology of cobalt
deposition is exploited in citrate solution on Cu substrate
in actual production.

5 Conclusions

1) Co(Il) is reduced into two species which are free
Co?" and [Co(CsHgO-)] in the solution composed of 0.05
mol/L CoSO45H,0, 0.20 mol/L Na,SO, and 0-0.40
mol/L C¢Hs0,Naz-2H,0 in the pH range of 3—9.

2) The reduction potential shifts negatively
obviously with the addition of citrate. The free Co®"
starts to be reduced at —0.8 V, while the reduction
potential shifts to about —1.0 V with the addition of
citrate due to the formation of [Co(C¢HsO7)].

3) Variation of the solution pH value affects the
reduction process greatly. Co(Il) is mainly reduced into
the form of free Co®" at pH 3 in the citrate solution.
[Co(CsHeO5)] is the mainly species reduced in weak acid
citrate solution (pH range of 4-6). The EIS results show
that the [Co(CsH¢O7)] is first reduced to an intermediate
state and then to Co’, and adsorption and desorption of
the intermediate state exist at the surface of the electrode.
When the pH value is above 7, cobalt is difficult to be

reduced at the surface of the electrode, because the
existing Co(Il)-citrate complex species, [Co(CsHs07)]
and [Co(C¢H4O7)]*, are more difficult to be reduced
than the hydrogen ion.
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