JMEPEG (2004) 13:784-792
DOI: 10.1361/10599490421538

©ASM International
1059-9495/$19.00

Electrochemical Behavior of Nickel
in HNO; and the Effect of Chloride lons

S.M. Abd El Haleem and E.E. Abd El Aal

(Submitted July 10, 2003; in revised form July 11, 2004)

The electrochemical behavior of nickel in HNO; solutions of varying concentrations was examined using
the cyclic voltammetry and potentiodynamic anodic polarization techniques. The anodic branch of the
cyclic voltammogram is characterized by one anodic dissolution peak and a passivation region before
oxygen evolution. The cathodic branch shows only one cathodic reduction peak corresponding to the
reduction of HNO;. Analysis of the anodic polarization data shows features of both reversible and irre-
versible reactions pointing to the complexity of the system. Cl™ ions enhance the active dissolution of nickel
in HNO; due to the adsorption on the bare metal surface and cause destruction of the passive film and

initiation of pitting corrosion.
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1. Introduction

The polarization curves given for nickel in the literature
show many discrepancies, which are mainly attributed to the
nature and amounts of impurities in the metal (Ref 1) or in the
solutions (Ref 2). In acidic solutions, nickel is capable of pas-
sivating to a considerable extent. This is a feature not predicted
by the potential-pH equilibrium diagram and is one reason why
in practice the corrosion resistance of nickel in acid solutions is
better than that predicted from considerations of thermody-
namic equilibria. Another factor is the fact that in the electro-
chemical series nickel is only moderately negative with respect
to H'/H, equilibrium. This means that in practice, the rate of
dissolution of nickel in acidic solutions is slow in the absence
of oxidants more powerful than H* or of a substance capable of
making the anodic reaction kinetically easy.

The electrochemical behavior of nickel in H,SO, and HCl
solutions was found to depend on the acid concentration (Ref
3). True passivation of nickel in an H,SO, solution was sup-
posed to occur in two stages (Ref 4, 5). The first layer formed
is electrically nonconducting and is subsequently converted
into an electronically conducting passivated film of NiO.

The factors affecting the kinetics of the anodic dissolution
of nickel in HCI solutions were studied by Abd El Aal et al.
(Ref 6). The dissolution rate of nickel at constant acid concen-
tration was increased by stirring the solution and raising the
temperature. The reaction orders and thermodynamic functions
were computed under different experimental conditions. Inhi-
bition of electrodissolution of nickel (Ref 7) and of the hydro-
gen evolution reaction on nickel in HCI solutions was further
examined (Ref 8).

In HNO; solutions, there still exists the problem regarding
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the state of oxidation of anodically and spontaneously passi-
vated nickel (Ref 9-11). In concentrated HNOj;, nickel sud-
denly becomes protected against corrosion. Such a passive
state can be obtained when nickel is anodically polarized in
acid and neutral solutions. The behavior of nickel in a wide
range of HNOj; concentrations was examined by Abd El Hal-
eem et al. (Ref 12) using the thermometric technique supported
by weight loss and potential measurements. Dissolution of
nickel in dilute HNOj; solutions was assumed to take place
according to an autocatalytic mechanism involved in the for-
mation of HNO,, while passivation occurs in solutions >9.4 M
HNOs;. Using the techniques of electrochemical polarization of
nickel in highly concentrated HNO; (Ref 9), Ni(NO;),*4H,0 is
formed in the beginning of the passivation process, changes to
NiO,, and then slowly transforms to NiO. In dilute HNO;
solutions, however, Kumar et al. (Ref 11) indicated that only a
single oxide film formed on the nickel surface during anodic
oxidation. The same authors (Ref 10) used some azoles to
inhibit the corrosion of nickel in 4% HNO; solutions.

The aim of this work is to understand better the electro-
chemical behavior of nickel in HNO; medium. The techniques
of cyclic voltammetry and potentiodyamic single polarization
sweeps were used under different experimental conditions. The
effect of C1” ions on the active dissolution and passivation of
nickel in HNOj solutions was further examined.

2. Experimental

The nickel electrode was made from spec-pure nickel rod.
The electrode was fixed to a borosilicate glass tube with epoxy
resin so that the total exposed surface area was 0.28 cm?.
Electrical contact was achieved through a copper wire soldered
to the end of the nickel rod not exposed to the solution. Before
being used, the electrode surface was polished using 0-, 00-,
and 000-grades of emery paper until it appeared free of
scratches and other defects. The sample was then rinsed with
acetone and finally washed twice in distilled water.

The HNO; solutions of concentrations varying between
10~ and 1 M were prepared by dilution from a concentrated
mother solution. The concentration of each solution was
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Fig. 1 Cyclic voltammograms of the nickel electrode in HNOj; solutions of different concentrations at a scanning rate of 10 mV/s. (a) (1) 1.0 x
107 M, 2) 5.0x 1072 M, (3) 7.5 x 1072 M, and (4) 1.0 x 107" M. (b) (1) 2.0 x 107" M, (2) 3.5 x 107" M, (3) 4.0 x 107" M, (4) 4.5 x 107" M, (5)

5.0 x 107" M, and (6) 6.0 x 107! M

checked by titration against a standard NaOH solution using
methyl orange as an indictor. All chemicals were of analytical
grade quality and were used without any further purification.
All solutions were prepared using double distilled water.

The electrochemical cell had a capacity of 250 mL. The
nickel electrode and the bulk of the solution were separated
from the counter electrode compartment by a sintered glass
disc (G-4) to prevent mixing of the anodic and cathodic reac-
tion products. The cell had a double-wall jacket through which
water at the adjusted temperature was circulated. A conven-
tional three-electrode system was used. A platinum sheet was
used as an auxiliary electrode, the working electrode was the
nickel rod, and the reference electrode was a saturated calomel
electrode (SCE) having a luggin capillary positioned close to
the working electrode surface to minimize ohmic potential
drop.

The potential of the working electrode was controlled by a
Wenking-type potentioscan. The current density versus poten-
tial curves were recorded on X-Y recorder. Experiments were
carried out at a constant temperature of 25 + 0.1 °C, which was
controlled using an ultra thermostat. Each run was carried out
in a fresh test solution and with a newly polished electrode.
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3. Results and Discussion

3.1 Behavior of Nickel in HNO; Solutions

The curves of Fig. 1(a) and (b) represent the cyclic volt-
ammogram (CV) of the nickel electrode in HNO; solutions of
concentrations varying from 0.01 to 0.6 M between —1.2 and
+1.5 V versus SCE at a scanning rate of 10 mV/s. When the
electrode potential was changed in the positive direction, the
initially high cathodic current density decreased continually
before it changed direction at the zero-current potential or the
corrosion potential (E.,,.). Thereafter, the current changed with
the applied potential according to the Tafel relationship. As the
potential of the nickel electrode was further increased in the
noble direction, the anodic current continued to increase reach-
ing a maximum (i;) at the peak potential (E,). It then started to
decrease to minimum values due to the passivation of the
nickel electrode surface. This behavior resulted in the forma-
tion of a well-defined anodic peak, which is thought to corre-
spond to a single electrochemical step within the limits of
resolution of the experimental instrumentation according to
(Ref 13):
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Fig. 2 The relationship between the anodic peak potential (E;) and
the concentration of HNO; (Cyno,) at a scanning rate of 10 mV/s

Ni + 2H,0 = Ni(OH), + 2H" + 2¢ (Eq 1)
or
Ni + 2H,0 = NiO-H,0 + 2H" + 2¢ (Eq 2)

The standard electrode potential of reaction 1 is very close to
that of reaction 2. The difference in free energies of formation
of Ni(OH), and NiO-H,O is only 0.3 kcal/mol (Ref 13). Fol-
lowing the anodic peak, the current remained constant along a
certain potential range amounting to about 1.0 V due to the
stability of the passive film on the metal surface. When the
potential of the working electrode became sufficiently noble,
oxygen evolution became the predominant reaction.
Inspection of the curves of Fig. 1(a) and (b) indicates that
increasing the HNO; concentration from 0.01 to 0.6 M had
practically no effect on E,,, while the potential of E, was
shifted in the noble direction. E, (in mV) changes with the acid
concentration (Cyno, in mol/L) according to (Ref 14):
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Fig. 3 The relationship between the peak current density (i,,) and the
concentration of HNO; (Cyyyp,) at a scanning rate of 10 mV/s

o [X\23RT
E=E"- z F log Cyino, (Eq 3)

where E° is the standard electrode potential, x is the number of
H,O molecules participating in the overall anodic stoichiomet-
ric equation, z is the number of electrons involved, R is the
universal gas constant, T is the absolute temperature, and F is
the Faraday constant. When x = 2 for reactions 1 and 2, a slope
of 59 mV/decade at 25 °C was obtained when a value of z =
2 was used. This indicated that reaction 1 or 2 occurred on the
surface of the nickel electrode.

Increasing the HNO; concentration has a marked effect on
the maximum current of the anodic dissolution peak (i, in
mA/cm?). The latter value changes with acid concentration
(Fig. 3) according to:

log i, = a, + b, log Cyno, (Eq 4)

The slope b, and the intercept a, of Eq 4 were found to be
1.4 and 1.8, respectively. The value of b, is slightly higher
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Fig. 4 Cyclic voltammogram of the nickel electrode in 1 x 107" M HNO; at different scanning rates. (a); (1) 1 mV/s, (2) 5 mV/s, (3) 10 mV/s,

and (4) 25 mV/s. (b); (1) 50 mV/s, (2) 75 mV/s, and (3) 100 mV/s

than the expected value for a controlled diffusion process
(Ref 15-17).

Both the shift of £, in the noble direction and the increase
of i, upon increasing the acid concentration could be attributed
to the increased corrosion rate of the metal. At the same time,
increasing the HNO; concentration had practically no effect on
the current flowing in the passive region. The latter current is
due to the healing of the passive layer undergoing chemical
attack by the acid. Its magnitude is known to be a measure of
the protectiveness of the passive film on the metal surface (Ref
18). The smaller the value, the better it is at passivating the film
to withstand the dissolution reaction.

The cyclic voltammograms of Fig. 4(a) and (b) represent the
effect of the voltage scanning rate (v) on the behavior of the
nickel electrode in 0.1 M HNOj;. Increasing v markedly affected
the current flowing along the active dissolution peak, while it
had practically no significant effect on the value of the current
flowing in the passive region. The influence of v on i, is seen
in Fig. 5(a), where the log i, is plotted versus log v. Invariably
a straight-line relationship was obtained with a slope:
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—) =0.63 (Eq 5)

The interesting feature of the CVs in Fig. 4(a) and (b) is the
influence of v on E,. Two interesting features can be recog-
nized depending on v (Fig. 5b). In the range of scanning rate
between 1 and 25 mV/s (Fig. 4a), E,, is more or less indepen-
dent of the polarization rate. However, upon increasing the
voltage-scanning rate from 50 to 100 mV/s (Fig. 4b), E,, shifted
markedly in the negative direction. E, varied with log v ac-
cording to:

E,=ay;—b;logv (Eq 6)

where a5 and b5 are constants.

The effect of the reactant activity and of voltage scanning
rate on the peak potential and peak current under conditions of
semiinfinite linear diffusion is a diagnostic criterion frequently
used for mechanistic determinations (Ref 15-17). Thus, for
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Fig. 5 (a) The relationship between the peak current density (i,) and
the scanning rate (v) in 1 x 107' M HNO;. (b) The relation between the
peak potential (E,) and the scanning rate (v) in 1 x 10~ M HNO,.

reversible diffusion-limited reactions with soluble reactants
and insoluble products under conditions of semiinfinite linear
diffusion, E, at room temperature is given by:

0.0218 0.059
E,=E°— +
n

log ayyo, (Eq7)
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where n is the number of electrons involved in the reaction.
Under such conditions, a plot of E, versus log ayyo, results in
a straight line with a slope of 59 and 30 mV/decade for one-
and two-electron transfer reactions, respectively. Furthermore,
E, should be independent of v. The slope of 59 mV/decade
reported for the change of E;, with log Cyno, (Fig. 2) supports
reaction 1 or 2 as the reaction taking place under the anodic
peak. On the other hand, for an irreversible reaction under the
same conditions, E, is independent of reaction concentration
and varies with v according to (Ref 15-17):

0.03
E, = const. — on log v (Eq 8)

where o is the transfer coefficient of the electrode reaction.
Careful examination of the data of Fig. 1 to 5 indicates that the
values of E, recorded in the present investigation show mixed
behavior; that is, features of both reversible and irreversible
reactions were shown, thus pointing to the complexity of the
system. Despite the intensive examination carried out on nickel
(Ref 9), the mechanism of the anodic dissolution and passiva-
tion of nickel in HNOj; cannot as yet be explained. Concerning
the anodic dissolution process, attention should be paid to the
solubility of nickel nitrate in HNO; solutions. According to
Stupnisek and KarsSulin (Ref 9), nickel is active in the concen-
tration range up to 8 to 9 M HNO;, due to the formation of
Ni(NO;),-6H,0. By increasing the concentration to more than
10 M, nickel is passive due to the formation of Ni(NOj),:
4H,0. However, in the passive range, passivity was assumed to
be due to the formation of BNiOOH (i.e., hydrated Ni,05),
which depends on the potential of the mixture NiOOH with
Ni(OH), and of the mixture NiOOH with NiO,. On the other
hand, besides the well known compounds of two-valent nickel,
there exist compounds of three- and four-valent nickel, which
are mainly unstable and act as strong oxidants. In addition, it is
common knowledge that HNO; can oxidate nickel nitrate into
the four-valent nickel (Ref 9). These authors propose the pos-
sible formation of Ni (III) or Ni (IV) oxides on the electrode
surface. Therefore, it may be possible that in the beginning of
the passivation process the Ni(NO;),-4H,O changed to NiO
and NiO, (Ref 9).

The CVs of Fig. 1(a) and (b) are characterized by the pres-
ence of only one cathodic reduction peak. Increasing the HNO,
concentration markedly influences both the current and poten-
tial of this peak. This peak is assumed to be due to the reduc-
tion of HNO;. It is well known that the series of the cathodic
reactions of the reduction of nitric acid occurs in the following
sequence (Ref 9):

NO; - NO, > NO, 5 NO - NO - N, = --- (Eq9)

However, the reduction of HNO; on a nickel surface could
even lead to the formation of ammonia.

3.2 Effect of CI” lons on the Behavior of Nickel in HNO4
Solutions

The effect of increasing the concentration of C1™ ions on the
active dissolution and the passivation characteristics of the film
formed on nickel surface in HNO; solutions was examined

Journal of Materials Engineering and Performance
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Fig. 6 (a) Potentiodynamic anodic polarization of nickel electrode in 1 M HNO; at 10 mV/s in the presence of increasing concentrations of NaCl:
(1)0.0 M, (2) 1.0 x 107° M, (3) 4.0 x 107 M, (4) 1.0 x 107* M, (5) 2.0 x 107 M, (6) 5.0 x 10™* M, (7) 8.0 x 107* M, (8) 1.0 x 10> M, and (9)
1.5 x 107 M. (b) Potentiodynamic anodic polarization of nickel electrode in 1 M HNO; at 1 mV/s, in the presence of increasing concentrations
of NaCl: (1) 0.0 M, (2) 1.0 x 10 M, (3) 2.0 x 107> M, (4) 5.0 x 107> M, (5) 8.0 x 10 M, (6) 1.0 x 1072 M, (7) 1.0 x 10™" M, and (8) 5.0 x 10~' M

using the potentiodynamic single-sweep technique under dif-
ferent experimental conditions.

The curves in Fig. 6(a) and (b) represent the potentiody-
namic anodic polarization behavior of the nickel electrode in 1
M HNO; solutions in the absence and presence of increasing
NaCl concentrations. The scanning rates were 10 and 1 mV/s,
respectively. These curves represent the effect of Cl™ ions on
the active dissolution peak, within the concentration range of
CI” ions, which is not sufficient to destroy the passive film on
the metal surface. From these curves it can be seen that E_,. is

corr
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shifted in the active direction with increasing C1™ ion content of
the solution. Moreover, the presence of additional CI™ ions
causes the progressive increase of the dissolution current flow-
ing along the active region, before it drops to low values indi-
cating the onset of passivity. At still higher concentrations of
CI” ions, the dissolution current increases markedly and
abruptly with increasing anodic potential, and the passiva-
tion of nickel does not take place. The shift of E_,, in the nega-
tive direction and the progressive increase of the dissolution
current can be attributed to the adsorption of CI™ ions on the
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bare metal surface at potentials less positive than those ac-
cepted for the onset of passivity (Ref 19-22). The passivation
potential at which the dissolution current drops to zero is
shifted in the positive (noble) direction with increasing CI™
concentration due to the decreased tendency for passivation to
take place.

The effect of CI™ ions on the active dissolution of nickel in
1 M HNO; solutions can be observed from the change in the
integrated charge (Ag,) calculated in the presence and ab-
sence of Cl™ ions. Ag, is taken as a measure of the enhanc-
ing effect of C1™ ions on the dissolution process. The curves of
Fig. 7 represent the plots of Ag, versus CI™ ion concentra-
tion on a double logarithmic scale at scanning rates of 1 and 10
mV/s. As can be seen from these curves, Ag, varies slightly and
linearly with CI” ions up to a certain concentration, which
depends on the scanning rate. At this point, it changes mark-
edly due to the decreased resistance to corrosion in the pres-
ence of high Cl” ion concentrations. However, under the pre-
sent experimental conditions, the passive film formed on the
nickel surface is not affected by the presence of the CI™ ions.

Regarding the effect of Cl™ ions on the passive film formed
on the nickel electrode in HNO; solutions, two sets of experi-
ments were carried out. In the first set, the effect of increasing
concentration of CI” ions on the potentiodynamic anodic po-
larization of the nickel electrode in 0.01 M HNOj solution at a
scanning rate of 0.5 mV/s is shown by the curves of Fig. 8.
Similar curves were obtained at a scanning rate of 1 mV/s.
From these curves the following conclusions could be drawn:

*  The dissolution current density flowing along the active
region progressively increases with the increase of the C1™
ion concentration. At the same time, the corrosion poten-
tial is shifted markedly in the active direction. Both effects
can be attributed, as mentioned before, to the adsorption of
CI™ ions on the bare metal surface (Ref 19-22).

e The presence of ClI” ion up to a concentration, which de-
pends on the scanning rate, had practically no influence on
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the dissolution kinetics of the passive film on the metal
surface. The current flowing in the passive region remains,
more or less, the same as in Cl™-free solutions.

* The presence of higher concentrations of CI™ ions causes
the destruction of the passive film on the nickel electrode
with the initiation of visible pits. The pitting corrosion
does not develop at a definite potential, but occurs along
the whole passive region. The Cl™ raises the passivation
current as a whole, exceeding the current corresponding to
the active dissolution reaction by several times. In the
presence of constant Cl™ ion content, I, increases stead-
ily with increasing electrode potential. This behavior can
be accounted for by an increase with time in both the
dimensions and the number of the formed pits (Ref 19).

Green and Judd (Ref 23) suggested that the pitting suscep-
tibility of a given metal could be characterized by the param-
eter ic-/i,, where ic- and i, represent the current densities
measured potentiostatically at the same potential in the pres-
ence and absence, respectively, of C1™ ions. Values of the pa-
rameter >1 should indicate pitting, whereas a value of i¢-/i, =
1 would indicate resistance to pitting. It is of interest to note
that the parameter proposed by Green and Judd (Ref 23) is
qualitative only, in that it does not give information regarding
the relation between pitting corrosion current and the concen-
tration of the aggressive anion (Ref 20). However, in the cur-
rent study, it was found that neither i-/i, versus Cg- nor the
log (ic/i,) versus log Cq- yielded linear plots. This lack of
linearity probably arises because ic- represents not only the
attack produced by CI™ ions in solution but also the sum of this
attack plus that measured in the absence of the aggressive ions.
It thus seemed reasonable to take the value (i~ — i,) as rep-
resentative of the influence of the pitting corrosion agent. The
correctness of this choice is verified by the straight lines given
by the plots of log (ic- — iy) versus log C- at two different
potentials in the passive region, mainly, +400 and +600 mV, as
shown in Fig. 9. Thus, the following equation:
log Ai=a,+ b, log Cq- (Eq 10)
is satisfied. In this equation, a, and b, are constants. The slope
(b,) of the two nearly parallel lines in Fig. 9 is 0.4 mA/cm?/
decade. The two parallel lines of Fig. 9 can be explained on the
basis that the dissolution process of the nickel electrode in the
presence of Cl™ anions in the passive region takes place via the
same mechanism. The value of the constant a, in Eq 10 de-
pends on the potential in the passive region and were found to
be 1.6 and 1.8 mV/cm? for +400 and +600 mV, respectively.

In the second set of experiments, potentiostatic step polar-
ization experiments were carried out to determine the critical
pitting potential of nickel in HNO; solutions. The curves of
Fig. 10 represent the potentiostatic polarization curves of the
nickel electrode in 0.01 M HNOj; in the presence of increasing
concentrations of CI™. In these experiments the potential of the
working electrode is changed in steps of 50 mV for each 10
min interval, and the current is measured at the end of each
potential step interval. Inspection of these curves reveals that
the addition of a low concentration of C1™ ions caused the same
effect previously reported for the active dissolution reaction.
However, higher Cl™ ion concentrations caused the current
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8.0x 10° M, (4) 1.0 x 107* M, (5) 1.0 x 107> M, (6) 5.0 x 107> M,
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flowing in the passive region to increase suddenly at some
definite potential denoting the destruction of the passive film
and the initiation of visible pits. The visible effect of increasing
the CI” ion concentration is the shift of the critical pitting
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potential in the active direction. The dependence of the pitting
corrosion potential of the nickel electrode on the concentration
of the CI” ions can be seen in Fig. 11, which represents the
plots of E;yine Versus log Cqp-. A straight-line relationship of
the form:

(Eq 11)

is obtained. The slope (3, and the intercept a; of Eq 11 were
found to be 437 mV/decade and —511 mV, respectively. It is of
interest to note that this equation was reported previously
for the pitting corrosion of nickel in slightly alkaline solutions
(Ref 24, 25).

Eiing = 01 — By log Cc

4. Summary

The CV of the nickel electrode in HNOj is characterized by:

e The anodic branch of the CV has one anodic dissolution peak
and a passive region before the oxygen evolution reaction.

e The cathodic branch shows only one reduction peak cor-
responding to the reduction of HNO;.

e As the concentration of HNOj; solution increases, the an-
odic peak potential is shifted in the noble direction accord-
ing to E}, = a, + b log Cyno,, While the current density
of the anodic dissolution peak increases according to: log

iy = ay + by log Cyno,-

* Increasing the scan rate affects both the anodic peak po-
tential and the peak current density in two different ways.

e The addition of CI™ ions up to a certain concentration has
practically no effect on the anodic polarization curves of
nickel in HNOj; solutions.

*  Further increase in the concentration past this point causes
the increase in current density associated with the active
dissolution region and the destruction of passivity at po-
tentials in the passive region, which is known as the pitting
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corrosion potential E ;... The latter varies with the con-

centration of the C1™ ions (C-) according to the relation
E = a; — B, log C¢-

pitting
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