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The effect of  pH on the nucleation stages of  nickel electrodeposition on vitreous carbon has been ana- 
lysed using low nickel concentrations, without  additives. The experimental results indicated that  there  

was a change in the electrochemical response of  the system at 4 < pH < 4.5. A predischarge adsorption 
ascribed to nickel(II) species was observed with a different surface coverage depending on the pH. 
Moreover, different inhibition and 3D nucleation processes were detected in varying experimental 
conditions. 

I. Introduction 

The fundamental aspects of nickel electrodeposition 
have been studied by various authors in view of its 
industrial interest [1-6]. Generally, these studies are 

performed in 'modified industrial baths' at high 
nickel concentrations (of the order of 1 M in Ni 2+) at 
low pH (1.5-3), usually in the presence of boric acid 
and organic additives. Commonly, the aim of the 
work was to propose mechanisms to explain the 
effect of pH, additives, anions and nickel concentra- 
tion on the deposition process on metal surfaces. In 
particular, Wiart et al. [7, 8] have reported many 
studies using impedance measurements at low pH 
and high nickel chloride or sulphate concentrations 
at 50 °C, assuming a mechanism which includes the 
formation and evolution of a Ni(I) (OH)ads intermedi- 
ate and also explains the effect of the hydrogen evolu- 
tion reaction (HER) using Hads, Hincluded and H 2 
evolution. 

Parallel studies have been performed in order to 
analyse the first stages of electrodeposition, including 
the analysis of the formation of critical nuclei. 
Bozhkov et al. [9] using high pH (4-5) and relatively 
high nickel concentrations (0.2M) as well as boric 
acid, demonstrated an initial adatom surface diffu- 
sion control of the process in the first stage of nickel 
formation on vitreous carbon. 

To improve our understanding of the contributions 
of the different solution components and electro- 
chemical parameters to the structure of the electro- 
deposited nickel films, previous papers from this 
laboratory [10, 11] reported that, at low nickel con- 
centrations (10-2M) and pH5, the mechanism of 
deposition and the morphology of the deposit 
evolved over a wide range of potentials. Neverthe- 
less, impedance measurements performed in the non- 
faradaic zone at low Ni 2+ concentrations and 
varying pH revealed an adsorption process prior to 

the faradaic process. The equivalent circuits obtained 
at pH 5 suggested that the surface was fully covered by 
an adsorbed layer, while at lower pH the adsorption 
process was more complex, probably diffusion con- 
trolled [12-14]. The average values of the double- 
layer capacity were in agreement with the assumption 
of an adsorption process. Taking into account that 
Had s formation on vitreous carbon was not observed 
at these potentials in the supporting electrolyte 
(HER voltammetric current was not obtained), this 
adsorption behaviour cannot be ascribed to the 
HER, and a nickel (II) adsorption process may be 
considered. 

Further studies performed at these concentrations 
at 2 < pH < 5, without additives, showed a marked 
change in the electrochemical response at 4 < 
pH < 4.5. This sudden change is not described in 
most papers on nickel electrodeposition, because the 
authors who used simple unbuffered nickel chloride 
or sulphate baths used different experimental con- 
ditions, working electrode, [Ni 2+] and temperature. 
However, a change in the electrochemical response 
at pH 4 was observed by Arvia et al. in Tafel analysis 
in more concentrated solutions of nickel which had 
been deoxygenated with hydrogen [3]. 

The aim of the study presented here is to analyse the 
effect of the pH on nickel deposition at low bulk nickel 
concentrations in relation to nickel concentration and 
anion type. The substrate used was vitreous carbon, 
selected to avoid epitaxial growth or UPD phenom- 
ena. Simple unbuffered working conditions were 
selected in order to obtain a reference system to study 
the influence of boric acid (basic buffer and 'surface 
active' additive used in plating baths) and other addi- 
tives, on the deposition process. 

2. Experimental  details 

The chemicals used, NiC12.6H20, NiSO4, and the 
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corresponding sodium salts, were of Merck PA grade; 
the water was obtained from a MilliQ water purifica- 
tion system. In all cases the counter electrode was a 
nickel sheet (Johnson Matthey 99.999% pure). For 
chloride systems, the reference electrode was an 
Ag/AgC1 (Metrohm EA 441/5) mounted in a Luggin 
capillary containing 1 M NaC1, but all potentials in 
the text are with respect to SCE; for sulphate systems 
a mercury sulphate reference (SSE) (Metrohm) was 
used. The working electrode was a vitreous car- 
bon rotating disc electrode (Tacussel EDI S - -  
0.0714cm 2) which permitted rotation speeds up to 
5000rpm or a vitreous carbon bar Metrohm 
(S = 0.0314cm2). The cell had a working capacity of 
100 cm 3. 

The working electrode was polished before each run 
using different grades of alumina (3.75, 1.78 and 
0.3 #m), before being rinsed and finally held in an 
ultrasonic bath for 1 rain. 

The concentrations of nickel studied were 1.0, 5.0, 
10.0, and 50.0mM (adjusted to 1M in chloride or 
0.5M in sulphate with NaC1 or NazSO4) at 2.5< 
pH < 5.5. At these low nickel concentrations, which 
give a preparation pH of approximately 5, well 
defined electrochemical behaviour was obtained, 
which allowed the study of the initial steps of the 
deposition process [10]. 

Voltammetric, potentiostatic and galvanostatic 
measurements were obtained, on a stationary or an 
RDE electrode using an EG&G potentiostat model 
273 controlled by an IBM PS2 model 30. 

The deposit morphology was examined with an 
Olympus PMGC3 metallographic microscope and a 
Cambridge S-360 scanning electron microscope. 

3. Results and discussion 

Cyclic voltammetry, pulse techniques and impedance 
spectra were recorded for a nickel chloride bath in 
the pH interval 2.5 < pH < 5.5. In all cases, the char- 
acteristic hysteresis of a nucleation process was 
obtained in voltammetry. However, different shape 
and potential dependences of the voltammetric peaks 
were observed at pH values lower or higher than 
approximately 4. (Figs 1 and 2). 

At pH > 4 (Fig. 1) a sharp first cathodic volta- 
mmetric peak was obtained with an Epeak indepen- 
dent of nickel(II) concentration and anion, even at 

Table 1. Variation of the first cathodic voltammetric peak potential in 
niekel deposition (E vs SCE, NaCl supp. electrolyte) 

NiCl 2 conc./M Peak potential/mV 

pH5 pH3 

10 3 - 8 9 4  -1290  
5 × 10 -3 - 8 9 4  -1216  
10 -2 - 8 9 0  -1198  
5 × 10 -2 - 8 9 6  -1122  
10 -2 + N i S O 4  -1310"  -1766"  

* E vs SSE Na2SO4 supp. electrolyte 
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Fig. 1, Cyclic vol tammograms for different limit potentials: (a) 
-875;  (b) - 8 8 5  and (c) -1230 inV.  pH5 .  5 x 10-3M NiC12 in 1M 
NaC1. v = 10mVs  -1. 

c > 5 × 10-2M when pH had to be adjusted with 
ammonia or sodium hydroxide. At these pH values 
the deposition process was almost irreversible and a 
small oxidation charge was always obtained~in the 
potential range -1300 to 600mV vs SCE in the 
reverse anodic scan. 

For pH < 4 (Fig. 2), the deposition process began 
at more cathodic potentials and an anodic potential 
shift was observed upon increasing the nickel(II) con- 
centration, or when sodium sulphate was used as the 
supporting electrolyte (Table 1). Two oxidation 
peaks corresponding to hydrogenated nickel a-Ni 
(hydrogen poor) and fl-Ni (hydrogen rich) were 
obtained in the oxidation scan, with the same behav- 
iour as indicated previously [1, 10]. 
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Fig. 2. Cyclic vol tammograms for different limit potentials: (a) 
-1180  and (b) - 1 2 0 0 m V .  pH3.  5 x 10-3M NiCI 2 in 1M NaCI. 
v = 10mVs  1. 
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Fig. 3. (a) Potentiostatic current  transients for nickel deposition 
from 0.01 M NiC12 in 1 M NaC1 pH 5, f rom E i = - 5 0 0 m V  to poten- 
tials indicated in the figure. Nyquis t  impedance plots of  (b): 

3 5 × 10- M NiC12 and (c): 0.01 M NiCI 2, at potentials indicated in 
the figure (S = 0.0714cm2). 

In pulse techniques, in contrast to the quasi- 
monotonic responses observed at higher nickel 
concentrations or in the presence of additives [1-3], 
all the potentiostatic and galvanostatic curves 
obtained at low nickel concentrations without addi- 
tives presented several peaks, especially at high pH 
and low overpotentials. 

3.1. High pH behaviour 

The experimental i against t curves obtained on 
stationary electrodes at pH 5 showed current peaks 
in almost all conditions with a measurable induction 
time at low overpotentials. Nevertheless, the charge 
corresponding to all these current peaks increased 
with overpotential. 

The potentiostatic peak obtained at low overpoten- 
tials (Fig. 3(a)), and the first sharp voltammetric peak 
(Fig. 1) are related to an inhibition process. SEM 
analysis of the deposit formed at potential and time 
conditions corresponding to these peaks showed that 
the current fell after only a few crystallites were 
formed, leaving a significant part of the electrode sur- 
face free. The charge density calculations performed 
on these peaks and using SEM micrographs 
(approximate calculation of number of atoms 
included in every crystallite: 5 x 109 atoms for a 
'medium size' 0.54#m diameter in Fig. 5 in [10], 
with 20 crystallites in 358 #m2), give 6 to 8 mC cm -z 
in all cases, which is a considerably higher charge 
than a monolayer (approx 650 #C cm-2). Similarly, 
the passivation impedance spectra obtained at low 
overpotentials (Fig. 3(b)) in both chloride and 
sulphate electrolytes correspond to the same inhibi- 
tion process. 

The desorption behaviour observed in impedance 
measurements at slightly more cathodic potential 
(Fig. 3(c)) suggests that this inhibition is produced 
by a species adsorbed on the freshly deposited nickel 
crystallites. At this low overpotential, a feasible 
inhibitor is the adsorbed hydrogen (Hads), strongly 
bonded to the nickel, which has been widely 
described as an inhibitor of hydrogen evolution and, 
therefore, probably also modifies the nickel growth 
process. 

However, this inhibition process is not complete 
and the current never falls to zero. So, the rise in cur- 
rent observed at longer times after the first peak or the 
second voltammetric peak in Fig. 1 are produced by 
the evolution, through a 3D growth process leading 
to coalescence, and the whole surface is covered by a 
black film of powdered nickel. 

The high 'induction time' obtained at these low 
overpotentials before the evolution of nuclei is more 
probably due to the slow formation of the critical 
nuclei, related to the modified electrode surface by 
the Ni(II) adsorbed layer, than to the very low rate 
constants for nickel deposition process at these poten- 
tials. In agreement with this assumption, when the 
nucleation process is hindered by adding organic sur- 
factants or hydrogen gas and/or by using forced 
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Fig. 4. Potentiostatic current transients for nickel deposition from 
0.01 ra NiC12 in 1 u NaC1 pH5, from Ei = -500mV to potentials 
indicated in the figure (S = 0.0714 cm2). 

convection (RDE), the induction time is increased [10, 
11, 15]. On the other hand, the i against t 3 depen- 
dences obtained at low times and the island growth 
observed with SEM micrographs with crystallites of  
different size, suggest that the deposit formation 
takes place through a progressive nucleation with 
the growth of spherical caps [16-18]. 

Increasing the overpotential and after the desorp- 
tion of the inhibitor, a diffusion control appears in 
the nickel deposition process (Fig. 4) which allows 
the analysis of  the i/t maxima of  the potentiostatic 
transients using Hills model [19]: a bulk diffusion coef- 
ficient was calculated (D = 6.6 ± 0.4 x 10 .6 cm 2 s -1) 
which appears to correspond to the " 2+ mckelaq species 
diffusion. However, in potentiostatic experiments on 
a R D E  at variable rotation speed w, a second inhibi- 
tion process is always detected: at long times a 
decrease is observed in the limiting diffusion current, 
which falls to approximately 1/10 of  its maximum 
value. 

In these experiments, fast hydrogen evolution was 
detected and a coloured deposit corresponding to 
Ni(OH)x precipitate was observed with optical micro- 
scopy (OM) due to an increase in the surface pH. As 
indicated previously [12], a second inhibition impe- 
dance spectrum and the corresponding negative slope 
in the polarization curve were obtained when the 
coloured film appeared, showing the blocking effect 
of  this precipitate. Upon  increasing the overpoten- 
tial, bubble evolution (forming black holes in the 
deposit) leading to cracking was observed, and no 
further inhibition was detected. 

3.2. Low pH behaviour 

At p H  < 4, a similar qualitative behaviour was 
observed in all potentiostatic series (Fig. 5), although 
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Fig. 5. Potentiostatic current transients in nickel deposition from 
3 5 x 10- M NiCIz in 1M NaC1 pH3 from Ei = -500mV to poten- 

tials indicated in the figure (S = 0.0714cm2). 

the discharge potential varied with nickel concentra- 
tion, anion and pH. 

The most  surprising characteristic of  these curves is 
the shape change observed upon increasing the over- 
potential, as was previously observed at high nickel 
concentrations at the same pH (pH3)  [15]. While 
only one monotonic current- t ime curve with smooth 
slope appears at low overpotentials and concentra- 
tions without induction time (Fig. 5), when the over- 
potential is raised a new current peak is formed at 
short times (E = - 1170 mV). 

In all cases, when monotonic potentiostatic curves 
appeared, isolated hemispherical crystallites were 
observed in the SEM micrographs, even when the 
isteadystate was  attained. Stripping analysis at these 
potentials shows a single anodic peak which can be 
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Fig. 6. Potentiodynamic oxidation of nickel deposited under poten- 
tiostatic conditions from 5 x 10 -3 M NiC12 in 1 M NaC1 pH 3 at: (a) 
( ) -1105 mV, 200s; (b) (- -) -ll90mV, 50s and (c) ( - .  -)  
-1230mV, 50s. v = 10mVs -1 . S = 0.0714cm 2. 
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Fig. 7. Potentiodynamic oxidation of nickel deposited under poten- 
tiostatic conditions at -1210mV from 5 x 10 -3 M NiC12 in 1 M 
NaC1 pH3. Deposition time: ( - - )  50s; ( - - )  25 s and (.-.) 
15s. v = 10mVs -1. S = 0.0714cm 2. 

ascribed to a-nickel oxidation (Fig. 6(a)). As usual, 
the hydrogen-poor form is formed at low overpoten- 
tials when little nickel deposit is formed and little 
hydrogen is produced. 

Increasing the overpotential, at low nickel concen- 
trations a charge density of 1300 +100 #C cm -2 
which agrees with a film of two atomic layers [9], 
was obtained for the new peak. This result indicates 
that the process may take place in two steps: first, 
the formation of a structure on the whole surface 
and later, the 3D growth. According to these assump- 
tions, the SEM micrographs of the deposits obtained 
at different points on the potentiostatic curves 
showed the initial formation of a compact structure 
and the posterior growth of new crystallites on the 
top. 

The potentiodynamic oxidation of nickel deposited 
at these potentials exhibits a split peak which 
corresponds to the oxidation of both a and/3-nickel 
(Fig. 6(b) and (c)). The voltammetric oxidation of 
deposits obtained at the same potential and different 
deposition times (Fig. 7) shows that /3-nickel is 
deposited at short, times, up to the peak, while 
a-nickel appears when the deposition time is 
increased. 

Therefore, the SEM and stripping results show that 
the peak current obtained at short times at these 
potentials is due to the coalescence of a/3-nickel layer 
which evolves at longer times to a 3D growth. The for- 
marion of this nickel structure on the whole surface of 
the vitreous carbon electrode enhances the hydrogen 
evolution at these high potentials and facilitates the 
deposition of the poorly hydrogenated, but more 
stable, a-nickel form. 

At higher overpotentials ( -1220mV in Fig. 5) 
the electrochemical behaviour was similar to that 
of pH 5: the deposition was initially diffusion con- 
trolled and an inhibition appeared at long times, 
produced by a surface pH change favoured by the 
HER process. The coloured deposit observed in 
these conditions indicated that nickel hydroxide was 
locally precipitated, as was observed in other cases, 
even at lower pH (pH 1.2 in [20]). On the other 

hand, the high partial current corresponding to this 
hydrogen evolution produced in all conditions 
prevents any parameter calculation on potentiostatic 
curves. 

4. Conclusions 

The experimental results emphasize that the behav- 
iour of nickel electrodeposition from low nickel 
concentrations on vitreous carbon is predominantly 
controlled by the pH of the solution. In chloride 
and sulphate baths, without additives, a change 
is observed between pH4  and 4.5, with an anodic 
shift in the discharge potentials with increasing 
pH. 

The anomalous current response observed in 
potentiodynamic and potentiostatic measurements is 
explained on the basis of different inhibition pro- 
cesses, also observed by impedance measurements. 
At pH5 the feasible inhibitors are the Had s and 
Ni(OH)x species (at low and high overpoten- 
tials, respectively), while at pH 3, due to the cathodic 
shift of the discharge potential, the deposition of 
nickel is always accompanied by high hydrogen evolu- 
tion and only the second inhibition process is 
observed. 

Some characteristics of the electrochemical 
response observed at pH 3 are also due to the for- 
mation of a and/or /3 Ni, species only detected at 
this pH. 
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