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A step-wise computer model is presented for simultaneous deposition of nickel and nickel hydroxide
in aqueous solutions. In acidic solutions �pH ' 1�, the potentiostatic current-time transient response
on glassy carbon or titanium was analysed with respect to nucleation and radial growth mechanism.
pH changes in¯uence the current-time response greatly. A marked maximum in the current transient
appears for slightly acidic solutions �pH � 4:5� and a consecutive decrease in the deposition current
density at long times is obtained. This behaviour is attributed to early precipitation of nickel
hydroxide due to a local pH increase at the cathode surface.
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1. Introduction

Nickel deposition in acidic baths has been widely
studied and much work has been devoted to the study

of the mechanism of the deposition process [1±3].
Valuable information has been obtained from tran-
sient electrochemical techniques. Amblard et al. [4]
have shown that chronoamperometry is a useful tool
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List of symbols

Afree fractional area not covered by nickel and
hydroxide

ANi actual fractional area covered by nickel in the
presence of hydroxide

AOH fractional area covered by hydroxide without
coalescence

AOH actual fractional area covered by hydroxide
At fractional area covered by nickel nuclei without

coalescence at time t
At actual fractional area covered by nickel nuclei

at time t
E electrode potential (V)
E� equilibrium potential (V)
E� standard potential (V)
F Faraday constant
jH2

current density for hydrogen evolution
(A cmÿ2�

jNi current density for the nickel deposition
(A cmÿ2�

jt total current density at time t (A cmÿ2�
k nucleation rate constant for nickel (sÿ1)
kOH nucleation rate constant for hydroxide (sÿ1)
K preexponential factor for nickel nucleation

(sÿ1 Vÿ2)
KOH nucleation factor for hydroxide

(sÿ1 dm3 molÿ1)
Nt number of nucleation sites per unit area at time

t (cmÿ2)

N0 number of nucleation sites per unit area at time
t � 0 (cmÿ2)

rt radius of nuclei at time t (cm)
u0 constant for the velocity of radius growth

depending on the transport of active material
(cm sÿ1)

v velocity of radius growth of nickel nuclei
(cm sÿ1)

vOH velocity of radius growth of hydroxide (cm sÿ1)
v0 constant for the velocity of radius growth of

nickel nuclei depending on the exchange
current density (cm sÿ1)

v0OH constant for the velocity of radius growth of
hydroxide depending on the concentration of
hydroxyl ions (cm sÿ1 dm6 molÿ2)

v1 rate of growth corresponding to the ®rst
nucleation regime for nickel [1] (cm sÿ1)

v2 rate of growth corresponding to the second
nucleation regime for nickel [1] (cm sÿ1)

VM molar volume of the deposit (cm3 molÿ1)
Vt volume of the deposit per unit area at time t (cm)

Greek symbols
a charge transfer coe�cient
b factor for pH change against current density

(cm2 Aÿ1)
Dt time step for the numerical calculation (s)
g overpotential (V)
g� nucleation overpotential constant (V)
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to investigate nucleation and growth kinetics. The
initial stage of nickel formation was explained in
terms of three dimensional nucleation [5]. Additional
investigation by means of transmission electron mi-
croscopy showed that growing centres have a hemi-
spherical shape due to a radial multiple twinning
process [6]. Depending on conditions, morphology,
compactness and grain size varied.

Electrodeposition of nickel involves a signi®cant
amount of hydrogen coevolution, which may, in part,
be incorporated within the deposit. This results in the
electrodeposited material being very brittle [7]. To
avoid this drawback, less acidic solutions can be used.
However, Cooper et al. [8] have shown that the local
pH increases signi®cantly during electrolysis. The
local pH change is a major limiting factor for elec-
trolysis at high current density. Nickel oxide or hy-
droxide is formed at the electrode surface and
perturbs the nickel deposition. Indeed, it is known
that the stability of Ni(OH)2 is very high [9]. The
overall deposition process is rendered more irrevers-
ible as a result.

The objective of this paper is to present a model
for the potentiostatic transients in order to obtain a
quantitative interpretation of the crystallization pro-
cess occurring at the electrode surface. The role of
codeposition of nickel hydroxide is examined. Scan-
ning electron micrography is used to obtain addi-
tional information on the morphology of the
deposits.

2. Experimental details

Electrochemical experiments were performed in a
conventional three-electrode cell. The working elec-
trode was a rotating disc electrode (RDE) with in-
terchangeable bolt holders. Titanium electrodes used
in this work were hand made, machined from a rod
3mm in diameter (Johnson Matthey, 99.99%) and
inserted in a Te¯on holder. Some experiments were
made with glassy carbon (V25, Le Carbone Lor-
raine). The electrode surface was mechanically pol-
ished with successively ®ner grades of emery paper
and alumina powder to 0:05 lm. They were ultra-
sonically rinsed for 2 minutes in water. The electrodes
thus obtained were mirror ®nished and free from
scratches. The rotation speed of the working elec-
trode was 1200 rpm. A jacketed beaker maintained
the desired temperature within �1 �C with a total
electrolyte volume of 200ml. The counter and refer-
ence electrodes were a large area nickel foil and a
saturated calomel electrode (SCE), respectively. The
electrochemical measurements were made using an
EGG 362 scanning potentiostat coupled with a PAR
(model 175) universal programmer. Current tran-
sients were recorded by a Nicolet (model 3901) digital
oscilloscope. A Tacussel analytical rotator was used.
Shielded coaxial cables were used throughout the
system to minimize pickup noise. The ohmic resis-
tance was estimated using the current interrupt
technique.

Most of the experiments were carried out in an
aqueous solution containing 150 g dmÿ3 NiSO4.
6H2O, 45 g dmÿ3 NiCl2:6H2O and 50 g dmÿ3 H3PO4.
To study the in¯uence of pH, a solution containing
26:3 g dmÿ3 NiSO4 �6H2O and 24 g dmÿ3 NiCl2 �6H2O
was used, the pH was adjusted by addition of phos-
phoric acid. The solutions were prepared with ana-
lytical-grade reagents and triply distilled water. The
morphology of the deposits was examined with a
Leica S440 scanning electron microscope using sec-
ondary emission.

3. Results

3.1. Chronoamperometry

On glassy carbon and titanium electrodes the shape
of the j/t transients is similar to that predicted by the
classical theory developed by Abyaneh [10]. A typical
chronoamperogram for the deposition of nickel on
glassy carbon is shown in Fig. 1. The shape of the
curve is characteristic of the current response in
acidic media, with a S-shaped initial part. At longer
time, the current density reaches a smooth maximum
and then tends assymptotically toward a limit. Four
parts are visible: (i) during a few ten milliseconds a
rapid decrease in the current density is obtained, (ii)
the current density remains at a low value, (iii) a
rapid rising occurs up to a smooth maximum, (iv)
then a slow decrease is observed towards an ass-
ymptotic limit. The parameters describing the di�er-
ent parts (slope of the rising part, position of the
maximum, value of the limit current density) depend
on the experimental factors: potential step, tempera-
ture, pH.

3.1.1. Potential step. Before the potential pulse the
electrode is held at a potential Es (generally,
Es � 0:15V). Then, the potential is abruptly changed

Fig. 1. Chronoamperograms for the nickel deposition on a glassy
carbon electrode. Temperature: 40 �C. Potential: ÿ0:95 V vs SCE.
(ÐÐ): experimental; (- - - -): calculated.
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to a negative value, Ej. For a potential, Ej > ÿ0:8V,
the current density remains very small and the tran-
sients are not reproducible. In the potential range,
ÿ0:8V > Ej > ÿ1:2V, a signi®cant increase in the
current density is obtained. For Ej < ÿ1:3V, the in-
¯uence of the potential on the value of the current
density is less sensitive and oscillations due probably
to gas evolution appear. Most of the present experi-
ments were carried out in the potential range
ÿ0:8V > Ej > ÿ1:2V.

The curves in Fig. 2 illustrate the in¯uence of the
potential jump, Ej. When the potential becomes more
cathodic, not only does the current density increase
but the rise also occurs at a shorter time. This be-
haviour is obtained for both glassy carbon and tita-
nium. The in¯uence of temperature is similar to that
of the potential, a higher temperature induces a more
rapid increase in current density.

The chronoamperograms on glassy carbon or ti-
tanium have the same shape (Fig. 3). Generally the
values of the current density obtained on a glassy
carbon electrode are smaller than those on titanium.

3.1.2. In¯uence of the pH. In acidic solutions
(pH � 1), the maximum in the current density, if any,
always remains very smooth. At higher pH, the shape
of the curves changes signi®cantly. As shown in Fig. 4,
a well marked maximum appears at pH greater than
4. For the same experimental conditions (tempera-
ture, potential jump, electrode material) the initial
part of the curve is similar to that obtained in more
acidic solutions. However, the rising part stops rap-
idly and the current density decreases toward a limit
much smaller than in acidic solutions. For a potential
jump at ÿ1:15V, the maximum in the potential re-
mains very smooth or disappears for pH lower than
4. A change in the rotation speed in the range
1000±2000 rpm does not modify the results signi®-
cantly.

3.2. Surface morphology

On titanium or glassy carbon electrodes in acidic so-
lutions, when the electrode is removed from the
electrolyte before the end of the rising current, micro-
graphs show the presence of nickel granules at the
electrode surface (Fig. 5). Their number depends on the
potential step and on the time. For deposits carried out
at Ej � ÿ0:95V, at a time t � 3 s, the mean size of the
nickel nuclei is about 0:2 lm, their density lies between
1� 108 and 5� 109 nuclei per cm2 (Fig. 6).

At longer times, after the current maximum, the
nuclei coalesce. Crystallized, uniform and ®ne-
grained deposits were observed. At low overpoten-
tials, grey metallic deposits were always found. The
higher overpotential the higher nucleus density. The

Fig. 2. Chronoamperograms for the nickel deposition on a titanium
electrode at various potentials E vs SCE. Temperature: 40 �C.

Fig. 3. Chronoamperograms for the nickel deposition on a titanium
electrode and a glassy carbon electrode. Temperature: 40 �C. Po-
tential: ÿ1:05 V vs SCE. Continuous line: experimental; dashed
line: calculated.

Fig. 4. Chronoamperograms for the nickel deposition on a titanium
electrode at various pH. Temperature: 40 �C. Potential: ÿ1:15 V vs
SCE.
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size of crystals decreases when the value of the
deposition potential is increased. Cracks are promi-
nent on all the surface examined, indicating that the
deposits were highly stressed due to hydrogen evo-
lution during electrolysis [9]. For solution containing
no acid, the variation of local pH during the depo-
sition causes hydroxide precipitation and modi®es the
deposit morphology as reported before [9, 11].

4. Discussion

A great deal of research has been devoted to nickel
deposition in acidic solutions. In earlier work [2±6,
12] it was demonstrated that the growth of nickel in
acidic solution is mainly controlled by charge trans-
fer. The analysis of current±time transients is a
powerful tool to investigate nucleation and growth
kinetics. Additional information obtained from
scanning electron micrograph indicates that, in most
cases, the growing centres have a hemispherical shape
often due to a radial multiple twinning process.

4.1. Modelling

The chronoamperograms were analysed in the frame
of the theory of nucleation and growth centre carried
out by Evans [13] and Fleischmann et al. [14±16].
This theory has been used by Amblard et al. [4] to
study nickel deposition in Watts solutions. The model
is characterized by the presence of a maximum in the
current density and gives a good representation of the
experimental curves.

However, some perturbing factors are not included
in the theory. Maurin et al. [5] have shown that,
owing to the ohmic drop between the cathode and the
reference electrode, the interfacial potential may vary
widely during the potential step. Moreover, the local
increase in pH induces a precipitation of nickel hy-
droxide and perturbs the growth of nickel layer. For
these conditions the conventional equations for the
current transient are not applicable. Numerical sim-
ulation is the only way to treat the problem com-
prehensively. The outline of the implementation of
the ®nite step di�erence technique used is described
below.

The conversion of a nucleation site into a growing
nucleus obeys ®rst order kinetics [5, 16].

DN � ÿkNtDt �1�
As shown from the micrograph in Fig. 5, the nuclei

are hemispherical. The radius of the nuclei at time t is
given by

rt � rtÿDt � vDt �2�
At time t there are nt�nt � t=Dt� families of nuclei.

The family j, created at time tj, is characterized by a
radius rj calculated from Equation 2. At each time
step, the area covered with nuclei, if they were al-
lowed to grow independently, is

At � p
Xnt

j�1
DNr2j �3�

However, the coalescence of adjacent nuclei must be
taken into account. According to Evans [13], the
fractional area, At, covered by nuclei is

At � 1ÿ exp�ÿAt� �4�
To calculate the volume of the deposit, the space near
the electrode is divided into slices of thickness Dh.
The area covered by the deposit in a slice is calculated
following the same procedure as for the electrode
surface. The area is ®rst calculated without taking
coalescence into account. Then, the area actually
covered by deposit is calculated according to Equa-
tion 4. The volume, Vt, of the deposit is obtained by
integrating the contribution of all slices. The current
density is given by the charge balance

jjNi
�t�j � nF

Vt ÿ VtÿDt

DtVM
�5�

For constant values of the parameters, k and v, the
calculated curves have the shape predicted by theory
[15]. It is worth considering the dependence of

Fig. 5. Scanning electron micrograph of a deposit on a titanium
electrode at a potential ÿ0:95 V vs SCE. Temperature: 40 �C.
Deposition time: 3 s. Quantity of electricity: �35� 10ÿ3 C.

Fig. 6. Scanning electron micrograph of a deposit on a titanium
electrode at a potential ÿ0:95 V vs SCE. Temperature: 40 �C.
Deposition time: 3 s. Quantity of electricity: �35� 10ÿ3 C.
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parameters on the potential since, during the pulse,
the contribution of the ohmic drop varies. According
to Wiart [1] the rate of growth obeys a modi®ed Tafel
equation which involves two regimes

v � v1v2
v1 � v2

�6�

the rates of growth corresponding to the two regimes
are

ln v1 � ln v01 ÿ b1g �7�
and

ln v2 � ln v02 ÿ b2g �8�
the overpotential is g � E ÿ E�. The equilibrium po-
tential obeys the equation, E� � E0 � RT=
nF ln�Ni2�� with E0 � ÿ0:470V vs SCE. Since b2 is
smaller than b1, and v2 is greater than v1 [2], the slope
dv=dg decreases when the overpotential becomes
more negative. The same behaviour is obtained in the
present experiments. The results are interpreted in the
frame of a charge transfer and surface transport
mechanism

v � u0 1ÿ u0 � v0 exp��1ÿ a�f g�
u0 � v0 exp�ÿaf g�

� �
�9�

v0 is proportional to the exchange current density and
u0 is the transport coe�cient, f is 2F =RT . At low
overpotential and large values of the transport coef-
®cient the reaction is controlled by electron transfer

v � v0fexp�ÿaf g�� ÿ exp��1ÿ a�f g�g �10�
At high overpotential or for a low value of the
transport rate, lattice building tends toward the limit,
v! uo. In the present experiments (g < 0), it is as-
sumed that the term v0 exp��1ÿ a�f g� is negligible
with respect to u0, and v obeys the equation

v � u0 1ÿ 1

1� v0
u0 exp�ÿaf g�

( )
�11�

Many theoretical studies have been devoted to the
nucleation process [17]. According to the atomistic
model [18] the nucleation rate depends on the fre-
quency with which single adatoms at the electrode
surface join nucleation sites. At high overpotentials it
is assumed that the equilibrium concentration of
adatoms does not depend on the overpotential, and
the nucleation rate constant is given by

k � Kg2 expÿ�g�=g�2 �12�

4.2. Hydrogen evolution

Hydrogen evolution is associated with nickel depo-
sition and depends on the pH [19]. A careful mea-
surement of the faradaic yield has been carried out by
Dorsch [20]. The in¯uence of hydrogen evolution was
also studied from the comparison of the current
transients in electrolyte solutions containing nickel
ions with those obtained in solutions which do not

contain nickel ions. The experiments show that the
fraction of current density due reduction of protons
does not depend signi®cantly on the potential, but is
strongly a�ected by the change in pH. This behaviour
is in good agreement with previous work [5, 21]. As a
®rst approximation, for pH � 1, the ratio of the
current densities due reduction of nickel and protons
obeys the equation

jNi
=jH2

� exp�0:4 pH� ÿ 1 �13�

4.3. Calculation of the reaction parameters

The programme ELCRYSIM, based on the ®nite step
process described in Section 4.1, was used to calculate
the parameters N0, v and k. The values of the pa-
rameters were adjusted in order to obtain a calculated
curve ®tting the experimental curve. To take account
of the in¯uence of the ohmic drop, the values of the
rate constants v and k were varied at each step ac-
cording to Equations 11 and 12. To avoid oscillations
a trial and error procedure was used in order that the
current density introduced into the calculation of the
ohmic drop, jtR, was the same as that obtained from
the ®nite step technique at the same time t [22]. The
values of the constants v and k for various experi-
mental conditions are reported in Table 1.

Some calculated and experimental curves are
shown in Figs 1 and 3. The maximum in the current
density expected from the theory of growing nuclei is
not always visible. The damping in the maximum is
due to the e�ect of ohmic drop. However, when the
pH of the electrolyte is greater than 4, a marked
maximum is obtained (Fig. 4). For example, at pH
5.6, the maximum becomes steeper than predicted by
theory and cannot be attributed just to the overlap-
ping of growing nuclei. Moreover, the current plateau
after the maximum becomes smaller than in more
acidic solutions. The decrease in current density is
due to formation of nickel hydroxide resulting from
local pH change near the interface as pointed out by
several authors [8, 9, 23, 24].

Table 1. Values of the reaction parameters in acidic solutions

(pH�1 )

Electrode Potential 10)10 N0* k 106 v
/V /sites cm)2 /s)1 /cm s)1

Temperature 25 °C
Ti )1.15 1.25 88.0 3.35

Ti )1.05 1.10 40.2 2.90

Ti )0.95 0.75 12.4 0.36

Temperature 40 °C
Ti )1.15 13.5 25.2 5.2

Ti )1.05 3.4 12.5 5.1

Ti )0.95 0.5 4.5 2.8

Glassy carbon )1.15 44.0 12.1 3.7

)1.05 13.9 6.3 3.1

)0.95 2.6 2.5 0.5

*N0 Number of nucleation sites per unit area.
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4.4. Formation of nickel hydroxide

It is assumed that the formation of nickel hydroxide
obeys the same mechanism as described in Section
4.1. The free area for the hydroxide nucleation is
given by

AOH � 1ÿ exp�ÿAOH� �14�
where AOH is the area covered by nickel hydroxide if
no coalescence occurs. The area covered by nickel
outside the hydroxide is

ANi � �1ÿ exp�ÿANi�� exp�ÿAOH� �15�
The free area for nucleation of nickel is calculated by
taking account of the presence of both nickel and
nickel hydroxide

Afree � expÿ�AOH � ANi� �16�
Only the nickel nuclei not covered with nickel hy-
droxide can continue to grow. The nucleation and
growing rates of the hydroxide depend on the con-
centration of hydroxyl ions. The solubility product of
nickel hydroxide is �Ni2���OHÿ�2 � 5:5� 10ÿ16. The
pHp of incipient precipitation for a 0:1 M Ni2� so-
lution works out to be 6.8, the concentration of OHÿ

corresponding to the precipitation is �OHÿ�p �
7� 10ÿ8. For a pH greater than pHp, the rate of
growth is assumed to be proportional to the square of
the excess concentration of hydroxide ions,
�OHÿ�exc � �OHÿ� ÿ �OHÿ�p.

vOH � v0OH�OHÿ�2exc �17�
The nucleation rate constant increases when the pH
becomes greater than pHp. The results show that a
linear relationship exists between kOH and �OHÿ�exc

kOH � KOH�OHÿ�exc �18�
No quantitative indication is given in the literature
concerning the relationship between the local pHs
and the current density. We assumed that pHs is
proportional to the current density according to the
equation

pHs � pHÿ bjNi �19�
The parameters in Equations 17, 18 and 19 were
varied to ®t the calculated curves with the
chronoamperograms obtained at di�erent pH. Some
calculated curves are shown in Fig. 7. The values of

the parameters are reported in Table 2. For j in A
cmÿ2, the factor b in Equation 19 is 70.

The results show that an increase in pH induces an
increase in both nucleation and growth rates of the
hydroxide deposit. Then, a stable phase made of
nickel hydroxide appears at the electrode surface as
shown by the scanning electron micrograph in Fig. 8.
The greater the pH the larger the area covered by
hydroxide. Then, passivating zones are formed at the
electrode surface. This results in a rapid decrease in
the current density and a halt in the growth of the
hydroxide layer.

5. Conclusion

A potentiostatic model for the electrodeposition of
nickel at a rotating electrode was developed. Special
attention was devoted to the e�ect of the ohmic drop
which a�ects the general shape of the transient and
damps the maximum in the current transients. It was
shown that nickel deposition in acidic solution on
glassy carbon or titanium obeys a nucleation and
hemispherical growth process.

When potentiostatic deposition at di�erent pH is
compared, the current density is reduced at higher

Fig. 7. Calculated chronoamperogram for the nickel deposition on
a titanium electrode at various pH. Temperature: 40 �C. Potential:
ÿ1:15 V vs SCE.

Table 2. Values of the reaction parameters for the nickel deposition on a titanium electrode at various pH

Temperature: 40 °C; potential, E = )1.15 V vs SCE; pHm: maximum of the surface pH. kOHm
and vOHm

: calculated values of the nucleation

rate and velocity of the hydroxide growth at pHm.

pH of the

solution

10)10N0*

/sites cm)2
k

/s)1
106v
/cm s)1

pHm (surface) kOHm

/s)1
104vOHm

/cm s)1

5.6 14.0 21.0 4.7 7.32 24.9 3.2

5.0 9.6 20.8 5.9 7.30 20.0 2.4

4.6 8.6 17.8 5.9 7.29 18.1 2.3

4.1 8.7 18.0 7.7 7.24 17.5 1.9

*N0 Number of nucleation sites per unit area.
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pH, in agreement with previous results [9]. In neutral
unbu�ered solutions, a poorly conductive layer of
nickel hydroxide is formed early because of the oxy-
gen reduction which occurs prior to nickel deposition.
The surface Ni(OH)2 inhibits partly the charge
transfer reaction and diminishes the nucleation and
growth of nickel. The results obtained in the present
paper show the in¯uence of pH change at the be-
ginning of the deposition process. The transitory
change in pH induces ®rst the formation of a layer of
hydroxide [9] which partly covers the electrode sur-
face. Subsequently, there is a decrease in the current,
the surface pH becomes again more acidic and the
nickel deposition occurs on the uninhibited part of
the electrode. The scanning electron micrograph (Fig.
8) shows that nickel ¯akes are formed, which, ac-
cording to Gomez et al. [11], indicates that deposition
occurs with little inhibition. By introducing the con-
cept of partial coverage by nickel hydroxide, the
present work provides a link between the two con-
cepts of inhibited and uninhibited nickel deposition in
aqueous solutions.
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