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Cyclic vol tammetry and chronoamperomet ry  at glassy carbon and plat inum microdisc electrodes have 
been used to study the electrodeposition of  C o - W  amorphous  alloys. Voltammetric results show that 
cathodic deposition of  C o - W  alloy is accompanied by hydrogen evolution and the efficiency of  C o - W  
electrodeposition does not  exceed 20%. Voltammetric behaviour of  cobalt (II) and tungstate in 
ammonium citrate solution depend strongly on composition of  the plating bath. The concentrat ion 
of  Co(II) ions can be moni tored in situ during electroplating by means of  anodic stripping voltam- 
metry at a plat inum microelectrode. The deposit of  the alloy on the microelectrode is stable in the 
atmosphere and thus can be stored for subsequent comparison with a deposit obtained later in the life 
of  the working bath. 

1. Introduction 2. Experimental details 

Amorphous alloys show some remarkable properties. 
Some of them have special magnetic characteristics, 
small temperature coefficient of linear expansion and 
low electrical resistivity [1, 2]. Glassy alloys can be 
made extremely hard and highly wear resistant. They 
have relatively homogeneous surface compared to 
their crystalline counterparts, and this has sometimes 
been used to explain high resistance to localized cor- 
rosion attack [3, 4]. Glassy alloys are usually produced 
by rapid solidification of liquid components, but thin 
layers of such alloys can be formed also by electro- 
deposition [5-10]. Electrodeposited Co-W amor- 
phous alloy can provide high surface hardness with 
good ductility and excellent corrosion resistance [5]. 

A previous paper dealt with the anodic decompo- 
sition of electrolytes for plating of Co-W and Ni-W 
amorphous alloys [11]. The overall objective of the 
work presented here is to devise a method for charac- 
terizing the electroplating bath for electrodeposition 
of Co-W and for monitoring the electrochemical reac- 
tivity. Voltammetric and potential step transient 
methods at microelectrodes were chosen to investigate 
the system because small electrodes decrease effects of 
uncompensated IR drops, even at very high current 
densities, decrease charging currents, and enhance 
mass transport by diffusion. These properties make it 
possible to work at the high concentrations associated 
with plating processes and to obtain currents con- 
trolled by diffusion in the presence of convective mass 
transport. The usefulness of microelectrodes in this 
type of study has been shown by Howarth and Pletcher 
[12]. They studied a simpler system in which only one 
component of the plating bath (chromium(III)) was 
deposited. 

EG&G PARC Lot No. 100 Pt (platinum) and No. 
3989 GC (glassy carbon) microdisc electrodes were 
used. The nominal radius of these electrodes is 5 gm. 
The microdisc electrodes were polished before use 
with carbimet sandpaper of decreasing grit size and 
subsequently with Microcloth polishing cloth with 
suspensions of alumina powder (Buehler Ltd) down to 
0.05#m. Electrodes were lightly repolished before 
each experiment. The quality of the surface was 
checked optically with 500 x magnification (Leitz- 
Dievert microscope). The reference electrode was 
saturated calomel (SCE), and all potentials are quoted 
with respect to this. A platinum counter electrode 
(A = 2cm 2) was used. 

An IBM-type jacketed three-electrode cell was used. 
The temperature of solutions was controlled by using 
a GCA Circulation System-250. 

All cyclic voltammetric and anodic stripping exper- 
iments were carried out using an EG&G PARC 173 
potentiostat equipped with an EG&G PARC 179 
coulometer, an EG&G PARC 175 universal program- 
mer and a Houston Instruments 2000 XY recorder. 
Chronoamperometric data were collected using a 
DEC PDP 8/e laboratory minicomputer interfaced 
with an EG&G PARC Model 273 pontentiostat. 

All reagents were of analytical grade, and distilled 
water passed through a fore--cartridge Millipore Milli-Q 
purification system was used for preparation of the 
solutions. Purified argon was used for deoxygenation. 

The plating bath for electrodeposition of Co-W 
amorphous alloys was prepared according to the 
patent description [5]. The term "plating bath' is used 
to refer to the basic bath composition, that is, 0.26 M 
(NH4) 2 cit. + 0.165M BPO4 + 0.25M Na2WO4 + 
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Fig. 1. Cyclic voltammograms obtained on glassy carbon microdisc 
electrode in deoxygenated solution of: (a) 0.26M (NH4)2cit. + 
0.165M BPO4, pH9.2; (b) a + 0.25M Na2WO4; (c) a + 1.3 x 
10-ZM Co(II); (d) a + 0.25M Na2WO4 + 1.3 • 10 -2 Co(II). 
Scan rate 50 mV s 1. 

1.3 x 10-2M Co(SO4), with NH3(aq) added to bring 
the pH to 9.2 at 25 ~ C. This composition yields deposits 
of Co-W amorphous alloy of approximate cobalt-to- 
tungsten ratio 1 : l by weight (3 : 1 atom ratio). Minor 
amounts of boron and phosphorous are also present. 
The composition of the alloy was determined by 
energy-dispersive X-ray (EDAX) analysis of the 
deposits and by a bulk analysis whereby amorphous 
films were deposited on copper coupons, dissolved 
electrolytically into ammonium citrate solution, and 
the resulting solutions analysed by inductively coupled 
plasma-atomic emission spectrometry (ICP-AES). 
The amorphous nature of the alloys was verified by 
X-ray diffraction. 

3. Results and discussion 

3.1. Cyclic voltammetry 

The first series of experiments was performed in 
deoxygenated solutions of plating bath. Figure 1 
shows typical cyclic voltammograms obtained at a 
glassy carbon microdisc electrode with a wide range of 
potential limits. Voltammogram 1A was obtained in a 
solution of ammonium citrate and boron phosphate. 
Only the hydrogen evolution process, starting around 
- 1 . 5 V ,  was observed. According to Wiart [13], in 
such solutions (pH > 8) protons are not likely to be 
reduced; however citrate can probably release the 
labile hydrogen of the alcohol functional group. At 
lower current sensitivity a poorly defined limiting cur- 
rent is observed for this part of the voltammogram at 
glassy carbon microelectrodes. This would support 
this hypothesis. On the other hand, the value of limit- 
ing current density (about 4 Acm z) is larger than the 
predicted steady-state current density for such a 
reaction (ca. 1.1 A cm-2). 

The remaining three voltammograms (curves lb-d), 
though different, show three main features: (a) virtu- 
ally zero cathodic current on the forward scan until 
the onset of a nucleation process; (b) a rapid rise of the 

current on the forward scan; (c) crossover between 
anodic and cathodic current after reversing the sweep. 
Voltammogram lb was obtained in a solution con- 
taining tungstate. Although the direct reduction of 
tungstate to metallic tungsten is impossible under 
these conditions [14], a strong hysteresis indicates 
some changes on the electrode surface. Such changes 
can be caused by reduction of WO42- to form insoluble 
tungsten oxides, such as WO2. It has been reported 
[15] that during the electrolysis of tungsten-containing 
electrolytes, slightly soluble intermediates are formed 
on the cathode. Moreover, tungsten intermediates act 
as hydrogen evolution catalysts, which can explain the 
hysteresis in the voltammogram. The formation of 
MoO2 during the electrolysis of molybdate-containing 
citrate electrolytes has been reported also [13]. 

When cobalt(II) is present instead of tungstate 
(curve c, Fig. 1) the cathodic current starts to rise at a 
potential about 200 mV more positive than in curves a 
and b. The shift of the rising part of the forward scan, 
a strong hysteresis and a small anodic peak suggest 
that a new phase is deposited on the glassy carbon 
surface. The appearance of the anodic peak at poten- 
tial about - 0.6 V suggests that metallic cobalt is elec- 
trodeposited, but comparison of cathodic and anodic 
charges indicates that hydrogen evolution remains the 
main cathodic process in this system. 

Finally, Fig. ld shows the response from the same 
experiment as above but with both cobalt(II) and 
tungstate present. This solution corresponds to the 
full plating bath composition (without additives). The 
voltammogram, curve ld, is similar to the previous 
one (lc), but the rising portion of the cathodic current 
occurs at a potential about 100 mV more positive, and 
the anodic peak observed during the reverse scan is 
larger and better shaped than before. It is not obvious 
whether the anodic peak corresponds to the oxidation 
of electrodeposited Co-W or metallic cobalt, electro- 
deposition of which is catalysed by the presence of 
tungstate. In order to answer this question large scale 
electrodeposition was carried out on a Cu coupon and 
the resulting deposit was dissolved electrolytieally. 
The results of ICP-AES analysis of this final solution 
confirmed that the anodic peak of Fig. Id corresponds 
to the oxidation of Co-W alloy. 

Figure 2 presents the results of experiments anal- 
ogous to those of Fig. 1, but at a platinum microdisc 
electrode, The main difference between the behaviour 
of these two electrode materials is in the difference in 
overvoltage for hydrogen evolution. Voltammograms 
2a and 2b are virtually the same, though curve 2b was 
obtained with tungstate present. Despite the results 
obtained at the glassy carbon electrode, the formation 
of tungsten intermediates is not observed on platinum, 
because of competitive hydrogen evolution occuring 
at far lass negative potential. If Co(II) is present 
(curve 2c), the rate of hydrogen evolution is decreased. 
This effect is even more marked in the full plating bath 
(Co(II) and tungstate both present, voltammogram 2d). 
In contrast with the results at glassy carbon, no hys- 
teresis is observed at the platinum electrode. Thus the 
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Fig. 2. Cyclic voltammograms on platinum microelectrode. Con- 
ditions and solutions as in Fig. 1. 

overvoltage for hydrogen evolution on the gradually 
forming new phase of  Co-W is markedly higher (more 
negative) than on the bare platinum surface. A very 
well shaped anodic peak for oxidation of  Co-W is 
observed in Fig. 2d. 

Similar experiments, like those described above, 
were performed at various temperatures within the 
range of 25-65 ~ C. The changes of temperature did not 
change the general voltammetric characteristics of the 
system, and no new features were observed. 

3.2. Chronoarnperometric transients 

Figure 3 presents chronoamperometric responses to 
potential steps from 0.0 V obtained at a glassy carbon 
microelectrode. A smoothly rising transient following 
an initial delay is observed up to 20 s. After that time 
a rather erratic response is observed for the more 
negative steps. The observed current reflects two pro- 
cesses, namely growth of a new phase (i.e. the Co-W 
alloy) and hydrogen evolution. Since hydrogen evol- 
ution occurs only on a continually deposited alloy, the 
total current is strictly proportional to the current 
for deposition of the alloy, at least when the curve 
is smooth, and therefore the hydrogen evolution 
reaction does not change the shape of  the i-t response. 
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Fig. 4. 1113 against time plot for the rising portion of curves a and 
b in Fig. 3. 

The first part of the rising portions of  curves a and b 
of  Figure 3 show very good linear dependence of iv3 
on time as shown in Fig. 4. This type of  dependence is 
consistent with the model of progressive nucleation 
and three-dimensional growth [16]. The analysis of the 
first part of curve 3c shows, rather, linear dependence 
of 11/2 on time, which indicates the transition to instan- 
taneous nucleation followed by three-dimensional 
growth. 

Figure 5 presents chronoamperometric responses 
for similar experiments at a platinum microelectrode. 
Again, due to the lower hydrogen overvoltage, poten- 
tial step responses look markedly different from those 
at glassy carbon. Instead of the initial delay, an initial 
decay of current followed by gradual increase is 
observed. Again it follows that there is a competition 
between hydrogen evolution and deposition of new 
phase onto the platinum surface. Due to the changing 
rate of  hydrogen evolution, the rising portion o f  the 
chronoamperometric current does not have a simple 
fractional power dependence on time. 

Comparing the chronoamperometric results obtained 
at glassy carbon and platinum microelectrodes, notice 
that the erratic response occurs at platinum for a 
much more negative potential step. This is somewhat 
surprising, because this kind of  behaviour is explained 
by the formation of insoluble hydroxy precipitates of 
deposited metal [12]. The increase of the concentration 
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Fig. 3. Chronoamperometric responses to potential steps from 
0.0V to E[V: (a) -0.95; (b) -0.97; (c) -1.0. Glassy carbon 
microelectrode in a solution of plating bath at 65 ~ C. 
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Fig. 5. Chronoamperometric responses to potential changes from 
0.0V to E/V: (a) --0.94; (b) -0.98; (c) - 1.02; (d) - 1.06; (e) -- 1.08. 
Platinum microelectrode in a solution of plating bath at 65 ~ C. 
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Fig. 6. Arrhenius-type plot for deposition of C o - W  alloy at a 
platinum microelectrode. Qa,p is the charge corresponding to depo- 
sition at - 1 . 0 V  for 60s. 

of hydroxide ion in the vicinity of the electrode surface 
is caused by the hydrogen evolution process [12]. In 
the present case, the overvoltage for the hydrogen 
evolution reaction, is definitely less negative at the 
platinum surface, so also the changes in pH at the 
electrode surface should be larger at this electrode 
at a given potential. But the results display just the 
opposite behaviour, so it follows that something else 
causes the erratic responses, and that hydrogen evol- 
ution can even shift to more negative values the poten- 
tial at which the noisy chronoamperometric transient 
begins. 

3.3. Activation energy for deposition 

Figure 6 presents an Arrhenius-type of plot for elec- 
trodeposition of the Co-W alloy at a platinum micro- 
electrode. The rate of deposition was measured by the 
oxidation charge after a 60s step to - 1 . 0 V .  This 
method allowed us to eliminate the current connected 
with the hydrogen evolution process. (The results are 
markedly more reproducible on platinum than on 
glassy carbon; apparently the deposit interacts more 
strongly with the glassy carbon substrate). Results 
obtained over the temperature range of 24 to 60~ 
give a fairly good linear Arrhenius-type plot. The 
value of 39 kJ tool ~ calculated as an activation energy 
from the slope is too large for a simple diffusion- 
controlled process and suggests, rather, kinetically 
controlled electrodeposition. (Of course, we do not 
know what the reaction is; the activation energy is 
perhaps better expressed as kJ (unit reaction) -1). 

3.4. Anodic stripping voltammetry 

It was noticed during the cyclic voltammetric exper- 
iments that the shape of the cyclic curves depends on 
composition of the plating bath. The height of the very 
well defined anodic peak corresponding to electro- 
oxidation of Co-W strongly depends on the concen- 
tration of Co(II) in the plating bath. Since electro- 
deposition of Co-W alloy is performed with insoluble 
anodes, the Co(II) concentration is 20 times smaller 
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Fig. 7. Anodic stripping voltammograms for various concentration 
of  Co(II) in plating bath. Platinum microelectrode. Deposition 
potential - 1.1 V; deposition time 60 s; scan rate 50 mV s-~; tem- 
perature 25~ Concentrat ion of Co(II)/mM: (1) 1, (2) 2, (3) 4, 
(4) 6, (5) 8, (6) 12, (7) 16. 

than the concentration of tungstate, and the mole 
ratio of Co to W is 3 : 1, it is very important to monitor 
depletion of the Co0I ) concentration in the working 

~bath during electroplating. Figure 7 shows typicaI 
anodic stripping voltammograms obtained at the plati- 
num microelectrode in the plating bath with various 
concentrations of Co(II). It should be stressed, once 
again, that the anodic stripping peak at the platinum 
electrode was definitely better shaped and more 
reproducible than at the glassy carbon microelectrode. 
Figure 8 presents corresponding calibration curves. 
Figure 8a shows very strong dependence of the height 
of stripping peak on Co(II) concentration within the 
range of 1-6 mM and then the tendency to form a 
plateau, because of broadening of the peak with 
increasing concentration of Co(II). This effect is less 
visible in curve 8b, representing the anodic peak 
charge versus Co(II) concentration. 

It should be stressed that the anodic stripping peak 
does not depend on changes in tungstate concentration 
within the range 0.1-0.25 M. This is as expected, for 
the mole ratio of tungsten to cobalt is so much larger 
in the solution than in the alloy. 
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Fig. 8. Calibration curves for Co(II) concentration in plating bath, 
Conditions as in Fig. 7. A -- Anodic stripping peak current. 
B - Anodic stripping peak charge. 
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Fig. 9. The influence of Co(II) concentration on current efficiency 
for Co-W electrodeposition on platinum microelectrode at 65 ~ C. 

Figure 9 presents the dependence of current efficiency 
(the ratio of anodic stripping peak charge to the total 
deposition charge) on concentration of cobalt in the 
plating bath. This plot was obtained at 65~ at a 
platinum electrode, and it means that, even under 
conditions close to the real operating conditions, the 
current efficiency for the nominally full plating bath 
composition is slightly less than 20%, and that the 
hydrogen evolution reaction remains the main cathodic 
process. 

Anodic stripping results presented above indicate 
that this method could be employed successfully to 
in situ monitoring of the Co(II) concentration. The 
special features of the diffusion field at a microelec- 
trode make it possible to work under anodic stripping 
conditions without stirring. The very small size of a 
possible monitoring device based on such an electrode 
make such a project even more attractive. Moreover, 
according to the results presented in Fig. 9, also cur- 
rent efficiency can be employed to estimate cobalt 
concentration in the plating bath. 

3.5. The deposit as a record 

Because of the extremely good resistance of the Co-W 
alloy to chemical attack, it was very interesting to see 
if it is possible to store a 'finger print' of a properly 
working electroplating bath, that is, a deposit of an 
alloy on a platinum microelectrode. In a research 
setting, according to the results presented, concen- 
tration of Co or plating efficiency can be determined 
by anodic stripping voltammetry. The stripping step 
and the associated analysis and interpretation of data 
are the complex part of this experiment, whereas the 
plating step is quite simple and could be automated 
readily for implementation in a working bath. If 
deposits can be obtained routinely and stored without 
deterioration, they can be examined as needed by a 
trained person in a laboratory setting to monitor the 
condition of the bath. 

Figure 10 presents anodic stripping voltammo- 
grams obtained in a plating bath. The deposition step 
for all of them was performed in the same freshly 
prepared electroplating solution, but after that the 

f/ 

0.0 -0.4 -0.8 
I I I 

P O T E N T I A L  / V 

Fig. 10. Anodic stripping voltammograms obtained in plating bath. 
Stripping step: (1) immediately; (2) 1 day; (3) 3 days after deposition 
of Co-W~ Platinum microelectrode in plating bath. Deposition 
potential -1.1 V; deposition time 60s; scan rate 50 mV s-~; tem- 
perature 25 ~ C. 

electrodes (with their deposits) were stored (exposed 
to the atmosphere) for various periods of time. Curve 3 
in Fig. 10 is an anodic stripping voltammogram 
obtained 3 days after electrodeposition of the 
Co-W alloy. The shape of this voltammogram is 
almost the same, and the height of the anodic peak is 
only slightly lower than that for the freshly deposited 
and immediately stripped Co-W alloy (curve 1 in 
Fig. 10). Thus the stored deposit from the initial bath 
provides a standard for subsequent investigation of 
the reactivity of the working bath during the plating 
process. 
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