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Abstract--The kinetics of the Ni electrode in acid solutions with a high chloride ion concentration 
has been investigated in the range of 25-75°C. Dissolution occurs uniformly only at low anodi¢ 
potentials. When the latter exceeds a critical value, E~t, net localized metal corrosion takes place. 
The E/In i, plot at E < Ecru corresponds to a curve approaching two limiting slopes, namely, 2RT/3F 
at (E -- E~,t) ~ 0, and 2RT/Fat E ~ E~l~. The cathodic Tafel slope is 2RT/F. These results, including 
their pH dependence, are explained with a reaction mechanism involving the participation of adsorbed 
hydroxo-species. 

INTRODUCTION 

THE ELECTROCHEMICAL behaviour of Ni in aqueous and non-aqueous solutions and in 
ionic melts is complex, depending among other things, on the ionic composition of 
the medium, crystal orientation, thermal treatment of the metal and on the type of 
perturbation applied to the metal/solution interface. Thus, the corrosion and passivity 
of Ni in strong acid electrolytes depend markedly on the type of anion present in 
solution. This is quite evident, for instance, by comparing Ni electrode behaviour in 
concentrated HCI and in concentrated H2SO4 solutions. A review on the subject has 
been published. 1 

The work presented below refers to the electrochemistry of Ni in concentrated 
solutions containing C1- and Ni 2+ ions, a system which, although frequently employed 
in metal electroplating, is not still completely understood from the mechanistic 
viewpoint. Thus, most of  the reaction mechanisms proposed for Ni electrodissolution 
are closely related to those postulated for the active dissolution of Fe and Co, 1,2 
which involve hydroxo-metal intermediate adsorbed at the electrode formed both 
during the anodic and the cathodic reactions. In contrast, in a recent study of Ni in 
acid NiCI2 solutions, 3 it was concluded that no hydroxo-complexes of  metal ions 
participate either in the anodic or in the cathodic processes of  Ni electrodes. This 
interpretation, however, is derived from data covering a relatively narrow potential 
range and probably involving some appreciable metal surface change during the 
measurement of  the stationary E l i  curves. Anodic polarization curves covering a 
wide range of anodic potential have also been obtained and the single Tafel slope 
drawn at high potentials seems to be somewhat arbitrary? 

This paper describes the occurrence of net changes of the metal surface area as the 
anodic potential exceeds a certain critical value. There is, therefore, a rather limited 
potential range where the E/I  curves can be referred to a constant electrode area. The 
active metal dissolution occurring there is interpreted with respect to a single complex 

*Manuscript received 24 January 1975. 
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reaction mechanism involving different rate-determining steps according to the 
anodic  potential  range considered. 

E X P E R I M E N T A L  
The Pyrex glass electrolysis cell of ca. 350 cm 3 was a conventional one and consisted of three 

double wall compartments to lodge respectively the working electrode, the counter electrode and the 
reference electrode. The latter was shielded with a usual Luggin-Haber capillary tip arrangement. 

The working electrodes were made from Specpure Ni wire (Johnson-Matthey) with the following 
impurities in ppm : Fe, 5; Cu, 2; Si, 2; Mg, 1 ; and AI, Ca and Ag less than I. The wires were previously 
annealed during 16 h at 900°C in an argon atmosphere. The Ni wires were inserted into a Teflon rod 
to be used as electrodes (0-5 cmD. 

The counter electrode was a large area Pt sheet previously cleaned with the usual procedures. A 
saturated calomel electrode was also employed (E~uB = 0-241 V at 25°C) but potentials were referred 
to the standard hydrogen electrode scale. 

Solutions containing 1.0N NiCI2 + x N HCI + y N NaCI (x q y = 0.05) were employed. They 
were prepared from analytical reagents and triple distilled water. During the experiments the solutions 
were kept under either nitrogen or hydrogen, depending on the purpose. 

Experiments were made at 25, 50 and 75 d: 0"05°C. The following techniques were applied: 
(i) stationary potentiostatic methods, (ii) potentiodynamic linear single sweep and (iii) triangular 
cyclic voltammetry. The corresponding circuitry was the same already described elsewhere: 

RESULTS 

The rest potentials 
When a Ni electrode is immersed in NiCI2 + NaC1 solutions with different HCI 

concentrat ions,  its potential  changes with time (Fig. l). Init ially they turn  abrupt ly  
more cathodic, a t ta ining a m in imum value at ca. 5 min. Then,  it decreases approaching  

a constant  rest potential,  Ernst, after about  2 h. The Erest x, alue decreases with tempera- 
ture, being more reproducible as the temperature increases. 

At  low HC1 concentrat ions ( <  10-2M) the initial immersion potential ,  (E,)0, 
increases linearly with logari thm CHCi, the slope of the straightline approaching the 
2.303 (RT/2F)  ratio (Fig. 2). Values of Er~ t at 55°C can be correlated with previously 
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reported results where electrolytic solutions of the same composition,3, 4 (Fig. 2) have 
been employed. 

P o t e n t i o s t a t i c  E/I curves  

Typical potentiostatic anodic E/log i plots are shown in Figs. 3 and 4. The latter 
includes also cathodic E/log i plots. In the potential range from Er=t to 0"340 V (at 
25°C) each current reading was made 3 min after the potential step was applied, 
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FIG. 3. Semi-logarithmic plots of  anodic polarization curves; IN NiCI=, 0.05N HCI; 
25°C. Each symbol  corresponds to a particular run. Lines A and B define the potential 
range beyond which the anodic  current steadily increases with time. Dashed  lines corres- 
pond to the theoretical anodic  Tafel s lopes discussed in the text. The  one  indicated 

with L is related to the Tafel s lope and potential region given in Ref. 4. 
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Semi-logarithmic plots of  anodic and cathodic polarization curves; I N NiCI., 
0.05N HCI; (×)  25°C; (A) 50°C; ( o )  75°C. 

assuring a constant current for at least one minute. Beyond 0.340 V (at 25°C) no 
stable current reading could be made. Those plotted in Fig. 3 were made 1 rain after 
the potential had been applied. The trend of the current, however, was to increase 
continuously. In the investigated potential region Ni dissolution occurs as Ni(II) ion. 
The anodic E]log i plot corresponds to a smooth curve whose initial slope is very 
close to 2.303 (2RT]3F) V/decade and the slope in the high potential region becomes 
close to 2.303 (2RT/F) V/decade (Fig. 4). 

The cathodic E/log i plot is complex since it involves the simultaneous discharge 
of H + and Ni =+ ions. As it is already known, the ratio of the current efficiencies of these 
processes depends both on temperature and concentration of the reacting species. 
Thus, as temperature increases the efficiency for the H2 evolution reaction apparently 
increases more markedly than that of the nickel electrodeposition. At low tempera- 
tures each cathodic process individually considered is related to a Tafel slope close 
to 2.303 (2RT/F). But as the activation energies of those reactions are different both 
processes tend to approach a relatively large rate already at low cathodic potentials 
when the temperature increases. This causes a limiting cathodic current related to the 
hydrogen evolution at 75°C. 

The intersection of the anodic and cathodic E/log i plots yield an extrapolated 
value of the corrosion potential, (Ecorr), which within the experimental errors, coin- 
cides with Er~t. The apparent corrosion current density, icorr, is also immediately 
obtained. Similarly, the extrapolation to (E~v) of the E]log i lines related to the Ni 
electrode reactions, yields values of the apparent exchange current density, io.app. 
Kinetic parameters at different temperatures are assembled in Table 1. 
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TABLE 1. KINETIC PARAMETERS DERIVED FROM THE TAFEL PLOTS I N  NiCIs + 0"05N HCI 

T(°C) log (io,.pp)m × (cm~/A) log (ico,,) x (cm~/A) 
25 -- 8 . 8  - -  6"1 

50 -- 7.4 -- 5"3 
75 -- 6-0 -- 4.1 

Potentiodynamic E/I curves 
The potentiodynamic Eli characteristics obtained with single triangular potential 

sweeps depend on v, the rate of potential scanning, on AE, the amplitude of the 
scanned potential, and on the temperature. 

At 25°C, (Fig. 5), when E < E:rit = 0.34 4- 0.02 V, the first E/I trace run from 
Er,~t towards anodic potentials and the reverse one are practically coincident. But 
when E > 0.34 V, a definite increase of  the dissolution rate is observed which is 
more notorious as E further increases. Finally, when E > 0.38 V, the current increases 
abruptly (Fig. 6), exhibiting a clear activation-type-loop, during the returning poten- 
tial sweep (Fig. 7). The anodic current peak resulting during the reverse scan shows a 
significant symmetry. Figure 7 also shows the influence of E on the anode activation. 
Therefore, during the potentiostatic runs, at 25°C, the value E = 0.34 V establishes a 
potential limit below which steady values of  current are attained. The Eli charac- 
teristics just mentioned are always observed within the whole temperature range 
investigated, although the activation loop occurs at potentials lower than those 
already reported at 25°C. 

Repetitive triangular potential scan 
The activation effect is also well noticed by repetitive potential cycling of  the 

working electrode within the appropriate potential value (Fig. 8). The returning 
half-cycle, at a potential ca. 0.2 V, exhibits a limiting current, which increases in the 
successive potential cycles. Its value in the returning half-cycle is the same observed 
during the second half-cycle when the potential changes upwardly; that corresponding 
to the returning second half-cycle coincides with the value recorded at the third cycle 

u=O-OSV/rnin u=O-SV/min A u=O.5V/rnin/ 
25"c 1 5 o ' r . / / 7 5 " c l  

I 

FIG. 5. Potentiodynamic anodic Eli curves covering the active dissolution region, run 
at different potential sweep rates and temperatures; IN NiCI~, 0-05N HCI; (a) E ,e,t = 

-- 0"075 V; (b) Er.t = -- 0.100 V; (c) Erot = -- 0'120 V. 
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FIG. 7. Anodic triangular potential sweeps run at different potential sweep rates 
covering the critical potential; IN NiCI=, 0.05N HCI; 25°C. 

upwardly, and so on. Furthermore, the anodic current peak related to the returning 
half-cycle occurs always at the same potential but its height increases with the number 
of cycles. The potential at which an abrupt current increase occurs, Ec~it, decreases 
with temperature. Both Ec,it and the anodic current peak height, lma x, depend on _v 
(Table 2), but no simple relationship between these magnitudes is established. Further- 
more, the influence of v on Eerit is in the direction opposite to that expected for any 
relatively simple electrochemical process. This actually confirms that the Eli charac- 
teristics at high anodic potential is fundamentally determined by a drastic change of 
the electrode surface area, as is confirmed optically and discussed further on. 
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Fro. 8. Repetitive triangular potential sweeps covering the anodic potential region. 
The order and direction of the sweeps are indicated on the trace; IN NiCI2, 0.05N HCI; 

25°C. 

TABLE 2. EFFECT OF ~ ON THE POTENTIODYNAMIC E/I CURVES 

2, × (min/V) E~at(V) 1== × 10S/A 
0.05 0.315 6.26 
0.5 0.300 7.52 

Surface characteristics of nickel anode 
When nickel anodes are anodized at E < Ecrit, they exhibit a bright uniform 

surface with a clear distinction of  grain size and grain boundaries. But when anodic 
dissolution proceeds at E > Ecri t  , the sample exhibits a dull surface, and localized 
attack at grain and subgrain boundaries is then observed, as it occurs in pitting 
corrosion. When this localized corrosion sets in, a rapid mechanical disintegration of  
the sample takes place. At 75°C the metal sample exhibits formation of pits. 

INTERPRETATION AND DISCUSSION 

In the potential region where the dissolution of Ni takes place, at least two 
definitive regions are distinguished. The first one corresponds to a dissolution 
process occurring uniformly and is related to a definitive relationship between E 
and L In this region, where the apparent electrode surface remains practically constant, 
a mechanistic interpretation of the kinetic parameters is attempted. The second 
region extending from Ec,it upwardly presents a continuous metal surface increase 
which makes the definition of the anodic current density practically impossible. Each 
region is considered independently. 

In the anodic potential region where the smooth and uniform dissolution of  Ni 
takes place, it is reasonable to assume that C1- ions are specifically absorbed on the 
electrode surface since the potential of  zero charge of Ni in CI- ion containing solution 
lies between - -  193 and --  60 mV (vs NHE)3  Thus, the structure of  the inner layer 
at the metal/solution interface should mainly correspond to a Ni+-Cl - structure 
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with an appreciable chemical free energy contribution in the adsorption process. 6, 7 
The presence of an appreciable amount of adsorbed CI- suggests a competitive adsorp- 
tion between adsorbed C1- ion and oxo- or hydroxosurface complexes which may 
determine in part either the active or passive behaviour of the metal. 

At high anodic potentials a local increase and saturation of the interface with 
NiCI~ probably occur. The solid compound likely corresponds to an electrical 
conductor, as deduced from its enthalpy of formation, s,~ A rather small band gap is 
expected for solid NiCI2. 

Probable reaction path for the anodic dissolution o f  nickel 
Experiments previously described showed conclusively that at potentials lower 

than Ec~i t, any increase of  the geometric electrode area is negligible. This is clearly 
concluded from Fig. 8, which shows a linear relationship between the current peak 
of the nth cycle with the current baseline of the (n + 1)th cycle. Therefore, there is no 
appreciable error on assuming that a constant surface area prevails during the 
uniformly active metal dissolution. 

Most of the different reaction mechanisms postulated for the anodic dissolution 
of  Ni implied the participation of either the H + or the O H -  ion, 1,2 except one which 
assumes a direct dissolution through the formation of Ni + species, a,4 The latter was 
advanced to explain the apparent independence of the anodic dissolution current on 
pH, which is partially confirmed in the present work, when the CI- and Ni 2+ ion 
concentrations in solution are relatively high. 

The explanation of  the results can be formulated in terms of  the following scheme 
involving a consecutive reaction path without any appreciable diffusional contribution: 

kl 
Ni + H 2 0 ~ -  N i 0 H  + H  + + e ,  

k-x 
(i) 

k2 
NiOH + H + ~  Ni + + H20, 

k_2 
(2) 

k3 
Ni + ~ Ni 2+ + e. 

k-3 
(3) 

The rate equations for each partial step are: 

i I = iolfexp[~-Frl  ] -- A exp[  ( 1 - - c q ) F  = i a l  - -  i c l  (4) 

v2' = Vo2"A -- Vo2'B = V a 2  t - -  Vc2 t (5) 

i a = i o a { B e x p [ ~ T ~ l ] _ C [  ( 1 - - ~ a ) F  ] }  . . 
- -  RT rl = t ~ a  - -  l ~ a .  

(6) 
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Ni where I] is the anodic overvoltage defined as E - -  Er~ v, ik, iok, V_k' and ~, are respectively 
the current density, exchange current density, reaction rate and transfer coefficient 
assisting the reaction in the anodic direction of step k. A, B and Care defined as follows: 

,4 - C~OH x Crib. 
o C~+' CNion 

C~i+. C~i'+ B----~-,  C-- 
CNi+ C°i,+ 

(7) 

where C is the concentration of species i at the electrode surface (e) and in the bulk 
of the solution (0). Under stationary conditions: 

il = Fv2'  = i3 = v2 (8) 

and the total current density, i, is: 

i ----- il q- is = 2i: = 2is = 2v2. (9) 

Under a steady concentration of NiOH and Ni + species 

ia + v2c = ic + v~a (10) 

and 

vz~ + i~ = v2c + ia~. (l:) 

From equations (10), (11), (4) and (5), the concentration ratios of A and B are 
respectively: 

[-~xF 1 io1 exp LR T rl -[- vo~.'B 
A = (12) 

[ (1 - -~q)F  I , 
i0a exp -- R T  1] + Vo2 

and 

(1 - ~)F ] 
Vo~'A + ioaC exp - R T  

B = (13) 

+ ;o3 exp[- r n 1 
LRT 

The stationary current, according to equation (9) is twice the is value. Therefore, 
taking into account equations (9,4-6), after replacing A and B by their expressions 
(12) and (13), respectively, one obtains: 
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,~ ~f  nj+ ~ f  njj' L,o, 
[ _ ( 2  -- e, -- a~)F n ]  + C  exp[ (l -- 2 . ) F l l  

i=2im iOXexp [ (1 --cq)F 1 iol r 
,% R-r- nJ +;~0~ expk 

(1 - ~ , -  ~)~] 
RT jr 

~F 

• ( 1 4 )  

This is the E/lequation for anodic and cathodic processes involved at the Ni electrode 
in CI- containing solutions under quasi-stationary conditions, deduced from the 
postulated reaction mechanism. 

Under an anodie polarization implying i, >> i o equation (14) becomes 

z"~expL "̂ rio, i-(~, R-T+ ~s)Frlj] + C exp[ (I --R2g2~a)Fqj;-]] 

i, tox exp[- - (1 -- ~q)F -1 d_iox exp ~ f  + exp ~ r l  

To evaluate the potential regions where equation (15) approaches a Tafel line, 
the following substitutions can be made: 

iol _ 10~; v o ~  10Y; C = I. (16) 
ioa ioa 

Equation (16) then becomes: 

i .  = 2 i =  

10~ exp[ (~q+R-Tz~)Fqj7 + exp[ (1_ ~-~l]j--2~)F 1 [] 

I 
Since the slope of the E/log i plot increases with potential, in principle, the exponents 
should be in the order x > y > 0. After assuming that the error of the rate parameters 
is within 10 per cent, a figure which is easily justified in this type of measurement, 
equation (17) can be used to determine the potential range of possible Tafel relation- 
ships. This can be done by neglecting each of the terms in the numerator in turn and 
assuming a different weight for the three terms appearing in the denominator. The 
different possibilities are assembled in Table 3 where the conditions prevailing for 
the overpotential are also included. 

According to the rate equations indicated in Table 3, the reaction may come 
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CONDITIONS FOR LIMITING ANODIC TAFEL SLOPES DERIVED FROM EQUATION (17)  

i | 

I = lO=exp[ - (I -~;h)Frl] 

I I  = lO--,exp [ (I - -a t~e~)F r l ]  

Fa, Fn-1 
n I  = exp t ~  J 

429 

Condition Potential range Rate equation 

I > I I  

II > III 

I I > I  

I > II1 

III > II 

III :> I 

< 1 2"303RT 1 1"1_0'-- )----~--p-- 

2.303RT ! 

_< (~ - y  - 1)~ = a - T v J  

2. 303RT 1 
n > ( y + D ~ [  

2.303RT / 
n -< (~ - 1) (i : ~ - ~ - - v J  

2.303RT1 
11 _> (x -- y + 1)-(1 _ - ~ 0 F  [ 

]. 
2 " 3 0 3 R _ _ T  | 

> (x -I- 1) (1 -- eta + o,a)FJ 

i, = 2i0, exp/0r 
+ a~)F~- I 
7 ~  a I_ 

• r 1 ~Fn 
io = 2,oa exp/---~--~/ 

L , i ~ l  a 

under a different control as the anodic overvoltage increases. With low overvoltage 
step (3) is rate-determining, at intermediate overvoltage the chemical reaction (2) is 
rate-determining, and at high overvoltage step (1) becomes rate-determining. Conse- 
quently the anodic Tafel slope, under stationary conditions, may change continuously 
from 2.303(2RT/3F) up to 2.303(2RT/F). These two values are approached asymptotic- 
ally at low and high anodic overpotential, respectively. The intermediate slope 
2.303(RT/F) is often referred to by different authors as the anodic Tafel slope charac- 
terizing the anodic dissolution of  Ni in aqueous acid solutions} 

The general rate equation for the anodie dissolution predicts therefore a curve 
E/log I plot instead of a linear relationship. Linear Tafel lines can be approximated 
but only within relatively narrow potential regions• 

From the preceding analysis, at 25°C, and assuming 0~ k = 0 " 5 ,  it can be concluded 
(i) a Tafel slope of 0.040 V implies x > y + 1 > 2; (ii) a Tafel slope equal to 0.060 V 
is found if x >_ 2), + 4 and (iii) a curve approaching the Tafel slope of 0.120 V results 
when rl ~ 0.240 V. The third possibility exists for any of the following set of expo- 
nents; x = 2, y = I ; x = 1, y = 0 and x = 0, y = -- 1. Case (iii) corresponds to a 
continuous E/log I curve approaching the slope 2.303(2RT/F). 

The anodic current density equations derived from the reaction path just discussed, 
with either step (1), (2) or (3) as rate-determining, are independent both on pH and 
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Ni 2+ ion concentration. This is immediately seen if the rate equations are expressed 
in terms of E instead of rl. 

The electrodeposition of  Ni 2+ ion involves a cathodic Tafel slope equal to 2RT/F 
which is also explained in terms of the same reaction path. According to equation (14), 
at any cathodic overpotential where x > y, step (3) is rate-determining. Then, the 
rate equation of the cathodic process is: 

i =2, exp[ exp[ (l  )eEl (18  RT q ]  = kcNiCNi'+ RT d 

The rate equation is independent of pH and implies a first order dependence on 
Ni z+ ion concentration. By equating the rate of the anodic process and the rate of the 
cathodic process at E = Erev, the Nernst equation for the Ni electrode is immediately 
obtained. 

The H ÷ ion discharge on Ni in acid solutions is a relatively complex process. 1° 
Altogether there is a good evidence for a first order rate process with respect to 
H + ion, involving a Tafel slope close to 2.303(2RT/F). Hence, at E=Eco~r, ia =icn = 
i~o~ and 

ic°rr = kaNiexpI(1 -[-~a)FEc°rrlRT = kcHCH+exp[ 2RTF Ecorr] (19) 

where the k's involve nF, the rate constants and the corresponding equilibrium 
concentrations of each step. At a constant Ni ~+ ion concentration, equation (19) 
predicts a linear E~o,~/pH relationship, with a slope equal to -- 2.303(RT/2F). A 
departure from equation (19) is not unlikely at pH ~ 0, because the condition of a 
constant potential at the outer Helmholtz plane is probably no longer held. 

The postulated reaction mechanism explains the kinetic features of the Ni electrode 
in CI- ion containing solutions. The present discussion shows the actual difficulty of 
deriving a single anodic Tafel slope from stationary Eli curves covering the whole 
potential range of the active dissolution of Ni in those media. 

This mechanism involves an anodic dissolution process which is pH independent 
in spite of the participation of either H~O, OH-  or H + ion species in the reaction. 
The only formal difference between this reaction mechanism and the mechanism 
already known for metals of the iron group is caused by the stabilization of Ni + 
species in the acid solutions as well as the C1- adsorption which prevents any appreci- 
able passivation of the metal either by H~O or OH-  ion. 

The region of non-uniform corrosion 
The potentiodynamic Eli curves, at high anodic potentials, exhibit an anodic 

current peak which is relatively symmetrical with respect to Ecat. Furthermore, the 
slope of the Eli curve at the end of the anodic scan is practically equal, in absolute 
terms, to the slope at the beginning of the cathodic scan. This indicates that the Ni 
electrode area changes at the same rate when the potential is swept continuously 
either from Ecdt to E > Ec,it or reversing. 

At E > E c a  t the non-uniform corrosion is due to unstable currents. A log// log t 
plot at t > 2 min (Fig. 9) approaches a straight line according to an Engell-Stolica 
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0.051'4 HCI; 75°C. 

equation, ix At t > 2 min the slope of the straight line is one. These results agree with 
existing data on pitting corrosion of  Ni. 12-xe The steady increase of the exponent in 
the Engell-Stolica equation, from b --~ 0, when t --> 0, to b --~ 1, when t -~ ~ ,  has 
been interpreted as a pit geometry change occurring during the early stages of pitting 
corrosion of Ni, until a stationary situation mainly involving a (111) crystal orienta- 
tion is attainedY 
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