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Abstract The electrolytic deposition of Ni onto a par-
affin-impregnated graphite electrode from supporting
chloride electrolyte (0.5 mol dm�3 NaCl) adjusted to
the required pH using dilute HCl is investigated. The
effect of electrolyte composition on the Ni electrode-
position is studied using linear sweep voltammetry in the
cathodic region. An elimination voltammetry procedure
was applied to evaluate the polarization curves. The aim
of this work was to deduce the mechanism of Ni
reduction in the chloride bath as well as the influence of
boric acid on this. Positively-charged NiCl+ ions were
found to be the electroactive particles in the Ni reduc-
tion mechanism. The strong competition between the
NiCl+, Cl� and H+ ions for active sites at the electrode
is discussed. Kinetically-controlled adsorption/desorp-
tion processes of various species were also confirmed
using elimination voltammetry with a linear scan. The
evolution of gaseous hydrogen, catalyzed by the freshly-
deposited Ni, accompanies the electrodeposition pro-
cess. The presence of boric acid at a sufficiently high
concentration inhibits the deposition of Ni and, at the
same time, improves the morphology and brightness, as
well as the adhesion of the deposited Ni.

Elimination voltammetry with a linear scan is an
efficient way to evaluate current–potential curves that
reflect the electrodeposition of one-component Ni coat-
ings. By eliminating selected currents, additional inter-

esting and useful information can be obtained from
voltammetric data.

Keywords Ni electrodeposition Æ Chloride supporting
electrolyte Æ Graphite electrode Æ Boric acid Æ
Elimination voltammetry

Introduction

Ni electroplating is a commercially important and ver-
satile surface finishing process. Its commercial impor-
tance may by gauged from the amount of Ni in the form
of metal and salts consumed annually for electroplating,
now roughly 100,000 metric tones worldwide [1]. Ni and
its alloys are usually deposited on row surfaces to im-
prove corrosion and wear resistance or to modify mag-
netic and other properties.

The Ni reduction mechanism used in Watts baths has
been the subject of numerous and extensive studies [2, 3].
Many of them have focused on explaining the mecha-
nism of nickel electrodeposition onto various substrates
(Ni, Cu, Pt) [4, 5]. Most authors assume a mechanism
that involves two consecutive one-electron charge
transfer steps and the participation of an anion in the
formation of an adsorbed complex. This mechanism can
be represented in a general scheme as follows:

a) Ni2þ þX� $ NiXþ

b) NiXþ þ e� $ NiXads

c) NiXads þ e� $ NiþX� ð1Þ

The anion X� was variously assumed to be either
OH� or Cl�.

The surface adsorptions of metal hydroxyl ions
(NiOH+) have been observed and investigated by many
researchers [6, 7, 8]. Recent studies have concentrated on
investigating any interference of Ni and Fe during Ni-Fe
plating in the presence of boric acid, but the influence of
the boric acid itself was often overlooked. The effect of
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boric acid on the electrodeposition of Fe, Ni and Fe-Ni
onto a copper rotating disc electrode was studied by Yin
and Lin [9]. Their experimental results support the
concept that the boric acid prevents electrode surface
passivation during the Ni reduction. Furthermore, the
boric acid acts as a surface agent as well as a selective
membrane, blocking the reduction of nickel and the
evolution of hydrogen but permitting the reduction of
iron at a retarded rate.

In our previous work, we studied the influence of the
pH at the electrolytes during Ni electrodeposition, using
various concentrations of NiSO4, H3BO3 and NaCl [10].
The conventional plating Watts electrolyte used in
industrial processes consists of NiSO4, H3BO3 and NaCl
adjusted to pH 2 via H2SO4. To investigate the Ni
electrodeposition process, as well as the roles of the
individual components, we chose linear sweep voltam-
metry (LSV), cyclic voltammetry (CV) and elimination
voltammetry with linear scan (EVLS) techniques. The
present contribution is focused on studying the mecha-
nism of the deposition of Ni from a chloride supporting
electrolyte onto an inert electrode with large surface area
(a paraffin-impregnated graphite electrode, PIGE).
There are strong indications that this mechanism de-
pends largely on the type of electrolyte used, as con-
firmed by the experimental observations mentioned in
the ‘‘Results and Discussion’’ section.

The electrodeposition of the metal is accompanied by
simultaneous evolution of H2, resulting in an increase in
the pH in the vicinity of the electrode surface. The
freshly deposited nickel layer acts as a catalyst for the
evolution of hydrogen, since it causes a drop in the
overvoltage for this process. Therefore, the effect of pH
upon the polarization behavior was also investigated.
Finally, we also investigated the effect of H3BO3 con-
centration on the simultaneous deposition of Ni and H2

onto PIGE using EVLS.
EVLS belongs to a family of elimination methods

that can be traced back to elimination polarography
(EP). Both methods are based on the elimination of
unwanted current components from total measured
current [11]. The EVLS method has proved to be useful
in two ways: firstly, by improving the performance of
analytical methods, and secondly, by facilitating inves-
tigations of electrode processes. Several works have
concentrated on deriving elimination functions and
procedures [12, 13, 14].

EVLS is a method of mathematical processing a
voltammetric signal. The general idea is based on the
elimination of particular currents using a linear combi-
nation of total currents measured at different scan rates.
One of these is taken as the reference scan rate (v), while
the others are chosen as multipliers (v2) or fractions (v1/2)
of the reference scan rate:

a) Iv1=2 = total current measured at v1=2

b) Iv = total referenceð Þ current measured at v

c) Iv2 ¼ total current measured at v2 ð2Þ

Each total current recorded at a specific scan rate
can be expressed as the sum of the diffusion current
(Id= const. v1/2), the kinetic current (Ik=const. v0), and
the charging current (Ic=const. v1), where const. indi-
cates a constant selected potential:

a) Iv1=2 ¼ ðIdÞv1=2 þ ðIkÞv1=2 þ ðIcÞv1=2
b) Iv ¼ ðIdÞv þ ðIkÞv þ ðIcÞv
c) Iv2 ¼ ðIdÞv2 þ ðIkÞv2 þ ðIcÞv2 ð3Þ

For the simultaneous elimination of Ic+Ik with Id
conserved, we can write Eqs. 4a–f:
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f ðIÞ ¼ a1=2Iv1=2 þ aI þ a2Iv2 (g)

ð4Þ

Therefore, the elimination of the selected particular
current (in this case Ic+Ik) from the linear scan vol-
tammetry results can be achieved using an elimination
function. This function (Eq. 4d) is obtained by a linear
combination of total currents measured at mentioned
different scan rates (Iv1=2 ; I and Iv2 ), Eq. 4g [11, 12].

The elimination coefficients a1/2, a, a2 are calculated
using the three equations 4d–f). To evaluate CV from
the elimination functions derived so far [11], the fol-
lowing two elimination functions were applied:

E1: Eliminate Ik, retain Id, and multiply by 1.707Ic:

f ðIÞ ¼ 3:4142I � 3:4142I1=2 ð5Þ

E4: Eliminate Ik and Ic and retain Id:

f ðIÞ ¼ 17:485I � 11:657I1=2 � 5:8284I2 ð6Þ

The E1 and E4 elimination functions were chosen in
order to gain insight into the kinetic phenomena that
accompany the electrochemical process and thus explain
some details of its mechanism. These theoretical elimi-
nation functions have been verified experimentally in
systems with hanging mercury drop electrodes [13, 14].
However, the application of the elimination procedure
to a system with a solid graphite electrode, as described
here, has not been reported previously.

Experimental

Cyclic voltammetry measurements were performed using
an AUTOLAB Electrochemical Instrument (EcoChe-
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mie, The Netherlands) connected to a VA-Stand 663
(Metrohm, Zurich, Switzerland). All CV curves were
recorded at room temperature at three scan rates—7.5,
15 and 30 mV/s—in order to be able to apply the EVLS
evaluation method. The electrochemical cell comprised
the PIGE working electrode, an Ag/AgCl/3 mol dm�3

KCl reference electrode, and a Pt wire auxiliary elec-
trode. Before each experiment, the surface of the PIGE
was mechanically renewed with emery paper, polished
with glossy paper, and rinsed with distilled water. The
reference electrode was separated from the cell via a salt
bridge containing supporting electrolyte.

Electrolytes with the following compositions were
investigated:

0.5 mol dm�3 NaCl (supporting electrolyte)
0.5 mol dm�3 NaCl + 1·10�3 or 5·10�3 or 10·10�3
mol dm�3 NiCl2
0.5 mol dm�3 NaCl + 1·10�3 mol dm�3 NiCl2+1·10�4
or 1·10�3 or 1·10�2 mol dm�3 H3BO3

All electrolytes were adjusted to the required pH
using dilute HCl.

An optical microscope (ZBD 222 ZoomMaster,
Prior, Cambridge, England) was used to observe the Ni
coating at 120· microscopic enlargement.

Results and discussion

Supporting electrolyte NaCl + HCl

Figure 1a shows the CV record of the supporting elec-
trolyte, 0.5 M NaCl, adjusted to pH 2, at the PIGE
electrode. In comparison with supporting electrolyte
currents recorded in electrolytes containing both sulfate
and chloride ions [10], a negative shift in the potential of
the cathodic current of about 400 mV is observed in the
present chloride supporting electrolyte. It may be as-
sumed that the specific adsorption of Cl� at the porous
PIGE is greater than at metal electrodes applied in most
previous studies [4]. The specific adsorption of chloride
ions was also observed in [15] on the surface of a steel
electrode. TheCl� ions occupying the surface of PIGEare
released at sufficiently negative potentials, allowing the
reduction of hydrogen ions to proceed. We can see from
Fig. 1a that the current derived from this reaction at the
chosen potential is almost independent of scan rate,
which indicates the kinetic character of the process. The
EVLS results shown in Fig. 1b, the course of both elim-
ination functions (E4 and E1) at the onset of hydrogen
evolution (at positive potentials), confirm the kinetic
character of the electrode process. The differences be-
tween the E4 and E1 elimination functions may be as-
cribed to the influence of charging current, an adsorption/
desorption process being the rate-determining step.

Many studies have been devoted to the mechanism
of hydrogen evolution reaction (such as those of
Tafel, Volmer, Heyrovský, Parsons, Gerischer, Horiuti,
Okamoto, Bockris; see [16]). This mechanism is influ-

enced by many parameters, mainly by the material and
the state of electrode surface, the applied potential, and
the current density. Our earlier results in sodium sulfate
supporting electrolyte enable us to compare hydrogen
evolution in both chloride and sulfate solutions [17].
These results demonstrate that the well-known adsorp-
tion of chloride ions onto a Pt electrode [5] can also be
observed on aPIGE electrode; thus, the adsorption ofCl�

onto the PIGE shifts both the adsorption of hydrogen and
its reduction to more negative potentials. Not only the
kinetic character of this cathodic process at the onset of
hydrogen reduction, but also the adsorption/desorption
character at more negative potentials, as proved by
elimination functions E1 and E4, can probably be as-
cribed to this competition between Cl� and H+ ions.
Hence, at the experimental conditions applied in the
present study, relatively strong adsorption of hydrogen
onto the surface of the applied electrode may be assumed.
The adsorption of hydrogen takes place only at negative
potential, where the competition between the chloride
ions and hydrogen for adsorption sites at the electrode is

Fig. 1 a Cyclic voltammetry record for the supporting electrolyte
(0.5 mol dm�3 NaCl), adjusted to pH 2 using HCl, at the graphite
electrode (PIGE). The reference electrode was Ag/AgCl/
3 mol dm�3 KCl); scan rates were 7.5, 15, 30 mV/s; potential step
was 2 mV. b Elimination voltammetric treatment for the record
shown in a; E1, elimination function eliminating kinetic current
and conserving diffusion current (charging current is distorted); E4,
elimination function eliminating kinetic and charging currents and
conserving diffusion current
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won by the latter. Similar behavior to this was also ob-
served by Goméz et al [5] on Pt and Ni electrodes.

The hydrogen evolution reaction may be considered
to consist of two steps: hydrogen adsorption onto the
electrode M, combined with the first electron transfer
(reaction 7a), followed by electrochemical desorption
and transfer of the second electron (7b):

a) M eð Þ þ H3O
þ þ e!MH adsð Þ þH2O

b) MH adsð Þ þ H3O
þ þ e!MþH2 þH2O ð7Þ

Assuming rather strong adsorption of the MH par-
ticle, which both the product in reaction 7a and the
reactant in reaction 7b, the transfer of the second elec-
tron accompanied by the desorption of molecular
hydrogen is probably the slow step, mainly at more
negative potentials. The elimination procedure presented
in Fig. 1b confirms this assumption.

Reduction of Ni2+ ions in the chloride electrolyte,
pH 2

The electrolytic reduction of Ni2+ from the above
electrolyte is presented in Fig. 2a. In these curves, the
following effects may be observed: the deposition
potentials are shifted towards more positive values as the
Ni2+ concentration increases; the peak height does not
increase in proportion to the increase in Ni2+ concen-
tration; following the Ni2+ reduction peak, the deposi-
tion of hydrogen takes place at potentials that more
positive than those in the supporting electrolyte alone;
the current associated with hydrogen reduction is pro-
portional to the peak height of nickel reduction.

The elimination procedures E4 and E1 presented in
Fig. 2b first show kinetic control at the onset of the
Ni2+ reduction wave, then adsorption/desorption con-
trol at more negative potentials, and finally diffusion
control at even more negative potentials. It is worth
noting that the elimination procedure increases the peak
current by a factor of eight, making the evaluation and
analysis of current–potential curves much easier and
more accurate.

The dependence of the reduction peak height on the
scan rate is presented in Fig. 3, and its analysis proves
the pseudo-diffusion character of the peak, which gives
the slope of the log current–log scan rate line, v, as
0.516, according to the Randless-Ševčı́k equation.

In order to remove these processes from the sequence
and thus also the reaction mechanism, a distribution
diagram was constructed representing the participations
and concentrations of all of the compounds present in
the electrolyte in the respective concentrations. The re-
sults presented in Fig. 4 show the presence of all three
Ni(II)-containing compounds, Ni2+, NiCl+, and NiCl2,
at very similar concentrations. Exact values for the
concentrations of these Ni-containing species in the
three electrolytes at various NiCl2 concentrations are
presented in Table 1.

Fig. 2 a Cathodic parts of the cyclic voltammograms for Ni
reduction at PIGE for various concentrations of NiCl2. Supporting
electrolyte was 0.5 mol dm�3 NaCl with HCl added to achieve
pH 2; scan rate 15 mV/s; other experimental conditions as Fig. 1.
b Elimination functions E1 and E4 for the voltammogram recorded
for a with 1·10�3 mol dm�3 Ni2+; reference scan rate was 15 mV/s

Fig. 3 Change in the voltammetric record of 1·10�3 mol dm�3

NiCl2 with scan rate; other experimental conditions as in Fig. 1
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Following the reasoning of Bockris [18], the particle
most likely to be electroactive at the start of Ni elec-
troreduction is the univalent NiX+ particle, in our case
NiCl+. Accordingly, the mechanism of Ni reduction
from chloride electrolyte can be expressed as:

a) NiClþ ! NiClþads
b) NiClþads þ e� ! NiClads
c) NiClads þ e� ! Ni þ Cl�

ð8Þ

The dependences shown in Fig. 1 imply strong com-
petition between the particles for the active sites on the
electrode surface; the positive NiCl+ particles undergo
reduction at sufficiently negative potentials only after the
chloride ions specifically adsorbed at the electrode have
been released. This process, however, is inhibited and
shows kinetically-controlled adsorption in the elimina-
tion treatment. According to our preliminary results, the
kinetic character of the current in the elimination E4
decreases with increasing concentration of the electro-
active NiCl+ particles, which is in accordance with the
positive shift of the Ni reduction peak with increasing Ni
concentration (Fig. 2a).

The deposition of metallic Ni also influences the
deposition of H2 by decreasing the H2 overvoltage.
Consequently, the new Ni layer acts as a catalyst to H2

evolution. Therefore, the mechanism of H2 evolution

during Ni electrodeposition from chloride medium can
be written as follows:

a) NiþH3O
+þ e� $ Ni - H(ads) þH2O

b) H3O
+þNi - H(ads)e

� $ NiþH2(ads) þH2O

c) nH2 adsð Þ ! H2ð Þn ð9Þ

The evolution of hydrogen induced by the freshly-
deposited Ni layer can be seen in Fig. 2a as an increase
of the hydrogen evolution current immediately following
the Ni reduction. This increase is proportional to the
peak height of Ni, and is shifted to more positive
potentials in comparison with the same reaction in
supporting electrolyte (Fig. 1a). The mechanisms de-
scribed by reactions 8a–c and 9a–c are also supported by
EVLS results (Fig. 2b). Application of elimination
function E4 enables us to detect two proceeding pro-
cesses: (i) The same courses for the E4 and E1 elimina-
tion curves indicate the kinetic current [19], which can be
assigned to the kinetically-controlled adsorption of the
electroactive particle NiCl+ (8a), made possible only
after desorption of Cl� ions. Earlier experiments have
confirmed that the character of the electrode surface and
the non-uniform distribution of surface energy at the
different active sites influence this process and change
the polarization behavior of the E4 elimination curve
[20]. (ii) Another elimination result—the peak–counter
peak signal of the E4 function—corresponds to the
reaction of the electroactive substance adsorbed onto the
electrode surface [13, 19]. This surface effect may explain
the fact that the Ni reduction current is not proportional
to the concentration of Ni particles in the solution. Most
likely, the surface concentration of the electroactive
particles plays a deciding role.

Influence of pH

The influence of pH is demonstrated in Figs. 5a and 5b.
The potential of the Ni deposition peak is significantly
shifted to more negative potentials as the concentration
of H+ ions increases (in other words, with decreasing
pH), and the peak height increases at the same time. The
elimination procedure E4 (Fig. 5b) confirms increased
kinetic control with increasing H+ concentration. Both
effects, the increased kinetic control and the negative
shift of potential, can most likely be attributed to the
high concentration of H+ ions near the electrode, which
represent a coulombic barrier to the access of positive
NiCl+ particles to the electrode. With increasing Ni
concentration, the process requires less energy, and the
opposite effect may be encountered: the peak potential
shifts in the positive direction (Fig. 2a). The limited peak
height proves the surface concentration dependence of
the process.

It should be noticed that the reduction of Ni at pH 4
was observed to be different to the reduction that oc-
curred at pH 2 and pH 3. At pH 4, the formation of

Fig. 4 Distribution diagram for the particles present in an
electrolyte consisting of 0.5 mol dm�3 NaCl and 1·10�3 mol dm�3

NiCl2

Table 1 Concentrations of three Ni(II)-containing species (Ni2+,
NiCl+ ,and NiCl2) with increasing NiCl2 concentration, taken from
distribution diagrams

[NiCl2]
(mmol dm-3)

Concentration of species at pH2, from
distribution diagram

log[Ni2+] log[NiCl2] log[NiCl+]

1 �3.36 �3.47 �3.73
5 �2.63 �2.75 �3.03
10 �2.35 �2.74 �2.75
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solid nickel hydroxide at the electrode surface as a sec-
ondary product of Ni reduction cannot be neglected. An
inhibitory effect related to the precipitation of nickel
hydroxide has been previously detected on vitreous
carbon electrodes [21, 22], and is related to pH varia-
tions at the electrode interface. The presence of
hydroxide was also confirmed by chemical analysis
where the deposition product was dissolved in dilute
NH4OH; only the inhibiting salt-containing part of the
layer is dissolved, not the metallic part of it [23].

Influence of boric acid

It is well known that boric acid acts as a buffer, in our
case stopping the alkalization process in the vicinity of
the electrode due to the hydrogen evolution. Moreover,
several publications have confirmed that the boric acid
acts as a surfactant, which adsorbs on the surface. At the
same time, it has also been found that boric acid inter-
feres with metal nucleation processes [24, 25]. The au-
thors attributed the observed changes in surface
morphology to a weak boric acid adsorption mechanism.

Our experiments confirmed that a low concentration
of H3BO3 does not influence the reduction process in the
supporting electrolyte. Thus, the adsorption of Cl� ions
is unaffected. With increasing concentrations of H3BO3,
however, the Ni reduction is shifted to more negative
potentials, and, at the same time, the peak height slightly
increases, as can be seen in Fig. 6a. A dramatic shift in
potential as well as an obvious increase in the peak
height may, however, be seen if the H3BO3 concentra-
tion becomes higher that the concentration of Ni in the
solution. Similar interesting results are shown by the E4
elimination procedure in Fig. 6b: the kinetic control of
the current observed at the onset of the electrode process
initially decreases with low boric acid concentrations,
but as the boric concentration rises above the Ni con-
centration, it shows a dramatic increase as well as a shift
in potential. Slow kinetically-controlled adsorption is
observed without H3BO3 addition. As the H3BO3 con-
centration is increases, it initially acts as a buffering
agent, attracting OH� ions formed near the electrode as
a consequence of H2 evolution; excess H3BO3 is most
likely adsorbed onto the surface as a neutral molecule
strongly inhibiting the reduction of Ni and shifting its

Fig. 6 a Effect of various concentrations of H3BO3 on the
reduction signal from 1·10�3 mol dm�3 NiCl2 on PIGE. The
supporting electrolyte was 0.5 mol dm�3 NaCl with HCl added to
achieve pH 2; scan rate 15 mV/s; other experimental conditions as
in Fig. 1. b E4 elimination functions (eliminating kinetic and
charging currents and conserving diffusion current) of the records
in a

Fig. 5 a Voltammetric signal from 1·10�3 mol dm�3 NiCl2 on
PIGE at different pH; supporting electrolyte was 0.5 mol dm�3

NaCl with HCl added; scan rate was 15 mV/s; other experimental
conditions as Fig. 1. b E4 elimination voltammograms (eliminating
kinetic and charging currents and conserving diffusion current) for
the LSV curves in a
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potential negatively. On the other hand, the adsorption
of H3BO3 onto the electrode surface seems to inhibit the
growth of Ni nuclei, which is associated with higher
nucleation rates. A comparison of the optical micro-
graphs in Figs. 7b (without H3BO3) and 7c (with
H3BO3) shows a remarkably refined Ni coating structure
in the presence of boric acid. The dark sites in Fig. 7c
represent bubbles of hydrogen.

Conclusions

In the process of electrochemical deposition of Ni from a
chloride supporting electrolyte on PIGE, the adsorp-
tion/desorption processes of various species play a cru-
cial role. Linear and cyclic voltammetry completed by
suitably chosen elimination procedures enable us to
clarify the mechanism involved to a large extent. Elec-
trochemical experiments were complemented by optical
micrographs.

In the supporting electrolyte containing NaCl, the
adsorption of chloride ions was detected. Their release
from the surface (desorption) at negative potentials en-
abled deposition of hydrogen from the supporting elec-
trolyte.

The reduction of Ni proceeds from NiCl+ particles
and is strongly influenced by the competition between
these particles, hydrogen and chloride ions for unoccu-
pied electrode surface sites. This effect is proved by the
kinetically-controlled adsorption/desorption process
identified using the elimination procedures.

Increasing the H+ ion concentration produces a
similar effect on the Ni reduction process to increasing
the H3BO3 concentration: it shifts the reduction peak to
more negative potentials, and increases the peak height.
In addition to this effect, a sufficiently high concentra-
tion of H3BO3 enhances the Ni nucleation process,
which results in an improved deposition.
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miai Kiadó, Budapest, pp 197
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