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Abstract The electrochemical quartz crystal microbal-
ance results show that nickel electrodissolution and
nickel passivation occur simultaneously. Besides, the
anodic transferred charge decreases and the passive layer
thickness increases with the number of successive vol-
tammetric cycles. Mass balances across the metal/pas-
sive layer/solution have been done from the
instantaneous F(dm/dQ) function. A dynamic process
for generation of an inner NiO and a Ni(OH), outer
passive layers is suggested.

Keywords Nickel - Anodic dissolution - Passivation -
Electrochemical quartz crystal microbalance (EQCM)

Introduction

Technological metals such as Zn, Cu and Ni have been
the subject of many researches related to dissolution and
passivation mechanism in acid medium by means of
different electrochemical techniques [1-17]. The ob-
tained EIS spectra of Zn in a weakly acid medium [4-6]
were consistent with an electrodissolution process
according to two consecutive single-electron transfers
followed by a mass transfer step. However, in the case of
nickel, several points are yet unclear due to the strong
tendency for self-passivation of nickel [14]. This ten-
dency should prove more pronounced in weakly acid or
alkaline media [18-20] and it is affected drastically to a
great extent by anions [21] and other experimental
conditions [11, 12]. Under voltammetric conditions the
active—passive transition is characterized by one or more
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anodic peaks at which the formation of a film of nickel
hydroxide, as the first stage of nickel passivity, is con-
sidered [8, 22]. From a technological point of view, the
formation of passive layers on nickel has great impor-
tance due to their use in rechargeable alkaline batteries
[23], cathodes in fuel cells [24] and electrocatalysts for
oxygen evolution [25]. Moreover, nickel is an element
included in many alloys to increase their corrosion
resistance [26-28]. It is commonly accepted that the
passive layer on nickel has a bilayer structure with an
inner layer of crystalline NiO and an hydrated outer
layer of Ni(OH), [29, 30]. The XPS results of Scherer
et al. [30], are consistent, at acid pH, with a bilayer
structure for the nickel passive layer, with an inner
crystalline layer of NiO with a thickness between 1.4 and
4.7 nm, and an amorphous outer layer of Ni(OH)s.

Quartz crystal microbalance (QCM) in combination
with the cyclic voltammetry technique provides impor-
tant information about the mechanism and the stoi-
chiometry in the nickel dissolution and deposition
process at pH =2.5 [17] by means of the measurement
of the instantaneous mass/charge ratio function, de-
fined as [4]:

nj

F g—’é =Y MWi,, 4 contribution of mass changes
i
due to uncharged species

where MW, is the molecular mass of a species i, which
interchanges n; electrons, 7; is the charge ratio due to
process i, and F'is the Faraday constant.

According to the Sauerbrey’s equation [31], the mass
changes on the electrode surface are related to the res-
onance frequency changes:
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where p is the quartz density and E| is the stretch con-

stant of quartz. fy is the base resonance frequency.
This work is focused to study the process of for-

mation of passive layers on nickel in weakly acid media



(pH =5), at the same medium in which zinc shows only
anodic dissolution but not passivation in the absence of
oxygen [4]. The balance of mass and instantaneous
values of F % function are analyzed in order to
understand their relation with the shape of successive
cyclic voltammograms of nickel electrode in this
medium.

Experimental

All EQCM experiments were carried out in a typical
three-electrodes cell at these conditions: 0.32 M H;BOs,
026 M NH,CI, 133 M Na,SO4, pH=5.1 and
T=298 K.

The potential was measured versus the Ag/AgCl/KCl
(sat.) reference electrode. A platinum grid was used as an
auxiliary electrode. Solutions were prepared from
Na,SO4 (Sigma, a.g.), H;BO; (R.P. Normapur, a.g.),
NH4CI (Panreac, a.g.), with distilled and double deion-
ized water (MilliQ).

For EQCM experiments, the working electrodes
were made from a quartz sheet (quartz was supplied by
Matel-Fordahl) embedded between two pieces of gold
connected to a resonance circuit. The resonance fre-
quency of the quartz at air was 6 MHz. One of the
pieces of gold serves as an electrical surface in contact
with the electrolyte. The electrical area was 0.228 cm’
and the effective mass area was 0.196 cm”. Nickel
electrodeposits were obtained by means of a potentio-
static method in a 0.245 M K,SO, (Probus, a.g.),
0.005 M H,SO,4 (Merk, a.g.) and 0.001 M NiSO46H,0
(Scharlau, a.g.) medium prepared with distilled and
double deionized water (MilliQ) pH=2.72, T=298 K.
A potential E=—1,450 mV (vs. SSE) was applied for
5 min, and this process was repeated ten times at the
same potential. In this way, the calculated mass density
on the electrode surface is 23.7 pg cm 2 From this
value and the nickel density value, the deposit thickness
can be estimated, 6=2.7x10"% m <2x10~7 m, and then
no nonideal contributions are expected and Sauerbreys’
equation applies [31]. The successive potential sweeps
were carried out in the [—500,500] mV (vs. Ag/AgCl/
KCl (sat.)), potential interval at 20 mV/s. Before
starting the potential sweep the potential was kept
constant at —500 mV for 1 min. The electrolyte was
bubbled for 5 min with Ar (Air Liquide) so as to re-
move the dissolved oxygen and all the measurements
were taken under inert atmosphere and at constant and
controlled temperature 7=298.0 K. The microbalance
was an UPRI5/RT0100 (UPR of the CNRS). The
resonance frequency of quartz was measured with a
Fluke PM6685. The current in the auxiliary electrode
was measured with a Keithley PM2000 multimeter. The
potential was applied with a 263A EG&G PAR Po-
tentiostat. The whole system was controlled by a GPIB
board. The EQCM was calibrated by means of a gal-
vanostatic Cu deposition [32]. The experimental

Sauerbrey constant was 9.50x10” Hz g~ '.
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Microanalysis (EDX) and electron scan microscopy
(SEM) were performed by means of a Phillips XL30
ESEM.

Experimental results and discussion

Instantaneous mass—charge ratio during successive
voltammetric cycles

Figure 1 shows the successive cyclic voltammograms
(scan rate 20 mV/s) and the successive mass changes for
a nickel deposit of 23.7 ug cm ™2 in the [—500,500] mV
(vs. Ag|AgCIl/KCl (sat.)) potential window.

During the successive anodic scans a considerable
loss of mass and charge transference takes place in the
anodic potential interval. These values can be seen in
Table 1 as a function of the number of cycles, together
with the calculated mass/charge ratio FAm/AQ which
also tends to decrease with the number of cycles. If it is
considered that the total mass loss, after the 20th suc-
cessive cycles (6.2 pg cm?), is smaller than the electro-
deposited mass of nickel (23.7 pug cm2), the evolution
of all these parameters can be explained if a progressive
nickel passivation takes place. Moreover, the total
anodic charge after the 20th successive potential cycle is
39.4mC cm 2, to which an overall mass of
11.8 pg cm 2 of oxidized nickel should correspond, if it
is considered that anodic charge is due to the reaction of
a mole of Ni for each two electrons. That way, after the
successive potential cycles a relatively great amount of
metallic nickel (about 50%) remains on the electrode
surface.

Finally, in the cathodic potential interval no appre-
ciable mass change is recorded, and it can be considered
that the passive film formed is apparently stable, but the
overlapping of hydrogen evolution reaction makes the

i/ mA-cm?

04 02 00 02 04
E/V vs Ag/AgCI/KCI (sat.)

Fig. 1 Successive voltammograms and mass changes in the
[—500,500] mV potential range. Arrows indicate the sense of the
successive scans. 20 cycles, scan rate 20 mV/s. 0.32 M H3BOs,
0.26 M NH,CI, 1.33 M Na,SO4 pH=5.1 T=298 K
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Table 1 Experimental anodic charge, AQ, mass variation in the
anodic scan, Am, and mass/charge ratio, F Am/AQ, as a function of
the number of cycles

Cycle AQ mC cm? Am pg cm > F Am/AQ
g mol ™!

1 10.8 —1.6 —14

2 5.0 -0.9 —17

3 33 —0.6 —16

5 2.3 —-0.4 —15

10 1.3 -0.2 —11

15 0.7 —0.07 -10

20 0.4 —0.03 -6

Same experimental conditions as in Fig. 1. AQ values were ob-
tained from the area under the voltammogram between
[—200,500] mV in the anodic sense

interpretation of EQCM results obtained at this range of
potential.

The study of the instantaneous mass/charge ratio,
F dm/dQ function, has turned out to be very useful in
the study of metal dissolution process [4, 32], and charge
transport in polymer modified electrodes [33]. In Fig. 2a,
the instantaneous mass/charge ratio values are repre-
sented for the first anodic scan.

As can be seen in Fig. 2a, at the beginning of the
anodic peak F dm/dQ=—17 g mol™'. This value is
lower than the expected theoretical value of
—29 gmol™' for a simple electro-dissolution process
such as:

Ni — Ni*" 4 2¢~ (3)

This discrepancy can be explained if a passivation pro-
cess is considered. If passivation process proceeds
according to [8, 22]:

Ni + 20H™ — Ni(OH), + 2¢~ (4)

from F dm/dQ definition, the charge fraction due to
electrodissolution and passivation process can be cal-
culated for the first voltammetric cycle, according to:

dm dm

- — wF_
dol,,~ " do

where y; is the charge fraction due to electrodissolution
process and 7, is the charge fraction due to passivation
= —29gmol ! Fdz

dissolution do

F +'))2F—

dissolution Q

(5)

passivation

process, and F 42
passivation

o

Ni = Ni(ID)(film}+2e  Ni(ID(film) —* Ni**(ag)
METAL PASSIVE FILM SOLUTION
O (film) H*
d—é H,0
OH(film) H*
® O,

Fig. 3 Scheme of the Ni/passive layer/electrolyte system. / and 2
represent the Ni/passive layer and passive layer/electrolyte inter-
faces, respectively. Probably a NiO thin layer (near a monolayer) is
formed between the Ni (metal) and the Ni(OH), passive layer in
contact with the solution

17 gmol ™! (if passivation takes place according reaction
(Eq. 4)). The intensity components for each electro-
chemical process (i; =i y; for electrodissolution, and i,
= iy, for passivation) can be calculated from Eq. 5 for
the first cycle in the anodic potential interval, and it is
found that nickel electrodissolution and nickel passiv-
ation proceed simultaneously in the whole anodic po-
tential interval, and these processes cannot be well
separated in these experimental conditions. Hence, the
experimental F' dm/dQ value suggests that about 25% of
the charge is associated to passivation process at the
beginning of the anodic peak. As the potential becomes
more anodic, F dm/dQ value increases (due to the —
sign) up to a value of —12 g mol™' at peak potential.
This increase is accompanied by an increase in current
due to an enhanced nickel electrodissolution as the po-
tential increases (see Fig. 2a between 0.0 V and 0.1 V
interval of potential). That way, the increase amount of
Ni** on the electrode surface should produce a precip-
itation of Ni(OH), since this hydroxide has a low solu-
bility constant and a greater passivation degree is
reached. The experimental F dm/dQ value at peak po-
tential suggests that about 35% of the charge is associ-
ated to passivation process. Subsequently, current
intensity rapidly decreases and this fact produces a de-
crease in the F dm/dQ value until an almost constant
value is reached in passivity potential interval.

As can be seen in Fig. 2b, the initial anodic peak is
divided into two anodic peaks, peak I and peak II. In
Fig. 2b the voltammogram and the F dm/dQ function
for the second cycle are plotted versus potential. A

Fig. 2 Voltammogram and a
instantaneous mass/charge 1.0
ratio function. a First cycle
and b second cycle. Same 08
experimental conditions as in Ng 0.64
Fig. 1 <
Eo4
0.2-
0.0

Fdmv/dQ g-mol™
i/ mAcm?
Fdm/dQ g-mol”"

04 02 00 02 04
E/V vs Ag/AgCIKCI (sat.)

04 02 00 02 04
E/V vs Ag/AQCI/KCI (sat.)



constant value of about —17 g mol™! along the whole
anodic potential interval is observed, and the formation
of the passive layer during the first cycle causes the
peak multiplicity [8, 22, 34]. Also experimentally it is
observed that, with the number of cycles, F dm/dQ
values increase in passivity potential interval [0.1,0.4] V
and anodic peak II appears as a shoulder in the vol-
tammetric curve and only peak I is clearly defined, al-
though peak intensity is strongly decreased after the
tenth cycle.

Mass balance at the interfaces

According to the previously discussed results, a well-
formed passive layer after the first cycle is expected.
Then, after the first cycle, the physical situation may
correspond to the scheme of Fig. 3 [35-37], where the
nickel deposit is covered by a passivation layer.

At the interface (1) metal/passive layer, the following
process takes place:

Ni — Ni(II) (film) + 2¢~ (6)

to which a charge AQ corresponds. AQ corresponds to
the measured charge variations. This electrical charge is
associated with an equivalent mass variation Am; = (M/
nF) AQ where n=2. At the interface (2) passive layer/
solution a nonoxidative dissolution of nickel ions takes
place, according to:

27 (7)
to which a mass variation Am, corresponds. Moreover,
the reaction of electrolyte anions takes place at the
interface (2), fundamentally oxygen or hydroxyl ions:

(3)
©)

to which a mass variation Amg corresponds. Note that,
by definition, Am, is a negative magnitude and Amg a
positive one. The measured mass variation by the
QCMB is given by:

Ni(II) (passive layer) — Ni solution)

H,O0=0> (passive layer) + 2H*

H,O=OH  (passivelayer) + H"

Am = Amy + Amg (10)

and the mass change of the passive layer is given by:
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If the nickel passive layer has an stoichiometry NiX,
where X represents O>~ or OH™ species, the mass
change associated with reactions (Eq. 8 or Eq. 9) is:

Amo 71

A A
Mo M( my + Amy)

(12)
where Mo represents the molecular mass of O>~ or
OH ™, M=59 g mol ' is the nickel molecular mass, and
y represents the stoichiometric coefficient. From Eqgs. 10
and 12, the differential measured mass variation, d m,
can be expressed as:

yM yM
dm :/70 m + <1 +’Mo)dm2 (13)

and, consequently, the F dm/dQ function is given by:

M M M
pdm _ pyModm M Mo\ dmy (14)
do M dO n M ) dm
and:
M m m
‘% P - (15)
dm | = (14T

The ratio d m,/d m; indicates what fraction of cations
Ni*" formed at the interface (1) dissolve into the elec-
trolyte at the interface (2), and the F dm/dQ function
allows to obtain a punctual measure of such ratio. The
obtained constant value F dm/dQ=—18 g mol~! for the
second cycle (see Fig. 2b), implies that the d m»/d my
ratio is 0.76 if it is considered that the passive layer is
formed by Ni(OH),. The same constant F dm/dQ value
is obtained for the third, fourth and fifth cycles in all
anodic potential interval, and the same analysis as in the
previous cases is applicable. In this sense, F dm/dQ
expression can be written as [4, 32]:

dm dm/dt

(16)

and consequently an F dm/dQ constant value implies
that the d m/d ¢ curve must be proportional to the I
curve.

In Fig. 4 the —d m/d ¢ versus E plots are plotted for
the first (Fig. 4a) and second (Fig. 4b) cycles, together
with the voltammetric curves. A close proportionality
between the curves for both cycles is observed

Amgim = Amy + Amy + Amgo (I1) throughout the anodic potential interval. Another
Fig. 4 Comparison between a 12 : p 030 0.05
S L0.14
voltammograms (solid line) and 10] 0.25
the —d m/d ¢ function (empty L0.12 020] Lo.04
circles). a First cycle and o_ 081 Lo10 oo o ™
b second cycle. Same 5 &  § 015 10,03 ¢
. e £ 06 0.08 3 5
experimental conditions £ - E 0.104 . g
as in Fig. 1 = 0.4 / LO. % = oos] 002 =
02] Sy, [004 T : E
’ o 002 0.00 L0.01 ?
Lo ; o
00 N 008 Y e b e ;

04 02 00 02 04

04 -02 00 02 O
E/V vs Ag/AgCI/KCI (sat.) E/V vs AJ/AGCIKCI (sat.)
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Table 2 Experimental mass and

charge variations, Am and AQ,  Cycle Am AQ Amgim 8 em? Abfiim
respectively, for the anodic (oxidation) pg cm 2 (oxidation) nm
potential interval, as a function mC cm™?
of the number of cycles

1 —1.64 10.8 - -

2 —0.87 5.02 0.64 2.5

3 —0.56 3.32 0.44 1.7
Amgy, and Adg, represent the 5 —0.36 2.29 0.33 1.3
film mass increase and the film | —0.15 1.26 0.24 0.9
thickening, respectively. They 15 —0.07 0.67 0.13 0.5
are calculated according to 20 —0.03 0.45 0.11 0.4

Egs. 17 and 18, respectively

interesting fact is related to the value of the —d m/d ¢
curve in hydrogen evolution potential interval during the
cathodic scan. A zero value of —d m/d ¢ is obtained,
since the hydrogen evolution does not imply mass
changes.

From the fifth cycle on, the behavior of the F dm/dQ
function is quite repetitive with the number of cycles: at
the beginning of anodic peak 7, it has a value close to
—20 g mol ™! then it increases until a constant value is
reached in the [0,400] mV potential interval (which in-
cludes anodic peak II), and finally a further decrease in
the F dm/dQ value until —20 g mol~' is observed at
500 mV. The constant value reached in the [0,400] mV
potential interval tends to increase with the number of
cycles. This increase in the F dm/dQ value in the pas-
sivity potential interval with the number of cycles should
cause the decrease of d m,/d m ratio, and a more stable
passive film is reached with the number of cycles. All
these experimental results are consistent with a greater
passivation degree as the number of cycles increases.
However, a F dm/dQ value, close to —20 g mol™' at
500 mV is observed from the fifth cycle which coincides
with a rise of the anodic current. This value implies an
increase of the d m,/d m; ratio which could be associated
with the phenomenon of the transpassive dissolution of
nickel.

The mass change of the passive layer can be written as:
A = Am + 1 AQ (17)

nF
and from this value the passive layer thickening is given
by:

Amgiim
A(Sﬁlm =

(18)
film

where pg, represents the density of the formed passive
layer. Am, AQy, Amg, and Adgy, are represented in
Table 2 as a function of the number of cycles for the
whole anodic potential interval, and A dg,, 1s calculated
considering that a Ni(OH), passive layer is formed, and
for a compact Ni(OH), structure pgm=2.6 gcm °. In
Table 3 the same values are represented but Am, AQ, are
calculated considering only mass variations and the
charge under the anodic peak I. The obtained A dgyy,
(peak I) value is consistent with the formation of few
monolayers of passive layer.

The potential difference between peak I and peak II is
close to 85 mV at 298 K. If it is considered that this
difference corresponds to the existence of two different
ways of oxidation of Ni, the maximum standard free
enthalpy between both the processes should be:

AG’ = AG) i1y — AG) oy ~ —2FAE,

= —17kJ - mol ™' (19)
and according to thermodynamic data [38], this AG®
obtained value corresponds to the difference between the
standard free energies of formation AGYof NiO
(—211.10 kJ mol~') and NiOH® (=227.2 kJ mol™")
from Ni metal. Accordingly, the generated passive layer
most probably has a bilayer structure from the second
cycle, with an inner NiO monolayer and an outermost
hydrated Ni(OH), layer, and in accordance with other
experimental results [30, 39]. In this sense, peak I should
correspond apparently to the formation of a few mono-
layers of NiO from the Ni(II) formed at the nickel/passive
layer interface, and peak II should correspond to the
formation of Ni(OH), through NiOH * intermediate.
Finally, Eq. 13 can be written as:

dm _Modmy () 1Mo\ dmy
dt ™ M dt M ) di
Mo | Mo\ dmy
=2 14+=)—= 2
nF l+( * M ) dr (20)

where i=d Q/d ¢ is the measured intensity, n=2 and

Mo=17, y=2 if a Ni(OH), passivation layer is consid-

ered. Then:

d dm _ yMo ;

E @
(145

which is a measure of the mass loss rate at the interface
passive layer/electrolyte. Moreover:

dm MdQ_M.
dt  nFdt nF
where i is the measured density current.
In Table 4, (—dm/dt), (—dm; /d¢) and (—dm,/d¢) val-
ues are represented as a function of the number of cycles,
at two different peak potentials, £} =—14 mV (anodic
peak potential 1) and E,=270 mV (within passivity

(22)
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Table 3 Experimental mass and charge variations, A m (peak I) and A Q (peak I), respectively, for anodic peak I, as a function of the

number of cycles

Cycle Am A Q (peak ) A mgim A Ofim
(peak T) pg cm > mC cm~ (peak T) pg cm > (peak I) nm

1 _ — _ _

2 —0.24 1.46 0.21 0.31

3 —0.17 0.99 0.13 0.19

5 —0.16 0.90 0.12 0.18

10 —0.10 0.63 0.09 0.13

15 —0.04 0.28 0.05 0.07

20 —0.01 0.16 0.04 0.07

Amgi, (peak 1) and Adg, (peak 1) represent the film mass increase
and the film thickening, respectively. They were calculated accord-
ing Egs. 17 and 18, respectively. A m (peak I) and A Q (peak 1)

values were calculated as twice the area under — dm/dt and vol-
tammetric curves, respectively, up to anodic peak I potential. A g,
(peak I) were calculated by considering p (NiO) = 6.8 grem™>

Table 4 —d m/d t, —d m,/d t and —d m»/d ¢ values as a function of the number of cycles for E; =—14 mV (anodic peak I potential) and

E,=270 mV, calculated from Egs. 21 and 22 and —d m/d ¢ curves

—dm 2

2 2 2

Cycle = pgstom™  =gn| ugstom™ =g pgstom™  Sgr|pgsTlem ™2 =g pesTem ™2 S| g om
2 0.037 0.067 0.048 0.025 0.043 0.031
3 0.027 0.049 0.035 0.015 0.028 0.019
4 0.024 0.043 0.031 0.014 0.021 0.014
5 0.022 0.040 0.029 0.012 0.016 0.012
6 0.020 0.040 0.027 0.005 0.015 0.009
7 0.020 0.037 0.026 0.004 0.012 0.007
8 0.020 0.034 0.025 0.004 0.011 0.007
9 0.013 0.028 0.018 0.003 0.009 0.005
10 0.012 0.024 0.016 0.003 0.008 0.005

potential interval). As can be seen in Table 4, these values
tend to decrease with the number of cycles, fundamen-
tally in passivity potential interval, which indicates that
the passive layer becomes more stable and the protection
against corrosion is more effective as the number of cycles
increase. In all cases, the derivatives d m/d f or d m/d E
allow to compare the rate of the mass transfer steps at
different potentials. It is interesting to point out that the
ratios of d m,/d ¢t and d m;/d r and the decrease with the
number of cycles are almost the same (between 0.72 and
0.62) for the present peak I and the passive range
potentials indicating that the formation of the film is
mainly due to a precipitation process under this experi-
mental generation of the passive layer. However, the
capacitive effects associated with the passive layer affect
significantly all measurements related to the current
intensity or the charge transferred after the tenth cycle.

The methodological use of d m/d ¢ and dm/dQ
derivatives could be result in promising possibilities to
understand other interesting results obtained by means
of EQCM technique at basic media [40] as well as in
more acid media [17] if the changes of mass comply to
Sauerbrey’s equation.

Conclusion

The functions F(d m/d Q) and (d m/d ¢) obtained from
voltammograms combined with QCM measurements are
very useful to explain the anodic dissolution of nickel.

From the aforementioned results it is possible to
draw the dynamic process of the both simultaneous
dissolution and passivation processes of nickel at weakly
acid media. The development of the experiments could
be like this:

1. At the beginning, the electrochemical dissolution
takes place on the interface metal/solution. Ni(Il),
generated on the surface, yields Ni*" within the
solution.

2. The process of formation of Ni(II) on the Ni surface
is strongly affected by the presence of the anions on
the surface. Subsequently, a Ni(OH), layer is formed
from the Ni*", placed near the electrode (solubility
constant K;~5 1076 [41]).

3. Those two previous paths cause a passivation layer
generated during the first voltammetric cycle. Then,
the formation of Ni(OH), is hindered with respect to
the formation of a monolayer of NiO inside the
previous passive layer due to the fact that the first
passive layer of Ni(OH), acts as a barrier that difficult
the direct reaction of OH™ anions with Ni(II) formed
on the Ni metal. This fact is observed by the
recording of two voltammetric peaks in the second
voltammogram. Peak II recorded at a higher over-
potential corresponds to the formation of Ni(OH),
across an intermediate species NiOH ", which reacts
with the OH™ of the solution phase for yielding new
layers of Ni(OH),. The oxidation of the surface
atoms of the metal yields NiO (peak I), which
transforms continuously to Ni(OH), via NiOH .
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4. This passive layer dissolves continuously, but it is
increasingly more difficult for (OH™) to reach the
inner layer. Consequently, successive voltammetric
cycles cause the formation of a passive layer that
hinders the dissolution of the nickel. This passive
layer shows a homogeneous and amorphous mor-
phology without appreciable amounts of N, B or S
atoms in EDX microanalysis.
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