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The potentiodynamic behaviour of Ni in buffered borate electrolytes (7.6 ~< pH ~< 9.3) is investigated. 
The reactions taking place in the potential region of the Ni/Ni(OH)2 and Ni(II)/Ni(III) redox couples 
can be formally interpreted with the same reaction patterns postulated for the electrochemical behav- 
iour of nickel in strongly alkaline media including the multiplicity of phases related to the correspond- 
ing reactants and products. The main differences between the electrochemical characteristics of nickel 
over the whole pH range are in the growth rate of the anodic film and the change of its structure 
in relation to its degree of hydration, overall oxidation state and inner ionic composition. 

1. Introduction 

Anodic film formation on nickel has been exten- 
sively studied by means of electrochemical and 
optical methods covering a wide range of pH, 
solution composition, and temperature [ 1-3 ]. 
However, these studies are mainly focused either 
in the acid pH range emphasizing the passivation 
of nickel [1,3-5]  or in the alkaline electrolytes at 
pH greater than 12, because of the positive elec- 
trode reaction in the nickel alkaline battery [2, 3, 
6, 7]. Comparatively, the literature on the electro- 
chemical behaviour of nickel in neutral or slightly 
alkaline buffer solutions is more scarce [8-16]. 
The conclusions of various optical and electro- 
chemical studies of nickel in neutral electrolytes 
agree that the film formation involves different 
oxidation states of nickel in two different poten- 
tial ranges. The first passive layer is probably 
associated with Ni(OH)2 formation which changes 
into a NiO layer reaching a limiting thickness of 
ca. 1.2nm [15]. The amount of NiO film produced 
in neutral solution at a constant current depends, 
however, on the solution composition [ 11,15,16]. 
Thus, at the same pH, the film thickness is con- 
siderably thicker in borate than in sulphate elec- 
trolyte as in the latter the solubility of NiO is 
probably greater. 

The anodic charging of nickel in borate solution 
at pH 7.65 in the potential range where the 02 
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evolution begins, yields a time porous oxide film 
which probably corresponds to the NiOOH-type 
species [16]. This suggests that a duplex structure 
thick film can be grown on nickel under galvano- 
static conditions. The electrochemical response of 
the outer thick portion of the film is apparently 
similar to that observed for the Ni(II)/Ni(III) 
redox couple in alkaline solutions [5]. 

The purpose of the present work is to investi- 
gate the potentiodynamic response of nickel in the 
pH range from neutral to slightly alkaline solutions 
and to attempt to correlate its electrochemical 
behaviour over the whole potential range in terms 
of a single reaction pathway. Furthermore, the 
present results furnish information about multi- 
plicity of species associated with the correspond- 
ing electrochemical reactions as it occurs both in 
strongly acid [3, 17, 18] and strongly alkaline [19, 
20] electrolytes. This is in agreement with optical 
and photopotential data which indicate that in the 
neutral and slightly alkaline solutions multiplicity 
either of phases or states of reactants and products 
associated with the electrochemical reactions of 
nickel should also be considered [12, 14, 21, 22]. 

2. Experimental 

The experimental set-up was as described in pre- 
vious publications related to the electrochemical 
behaviour of nickel electrodes in acid [17, 18] and 

�9 1983 Chapman and Hall Ltd. 135 



136 L.M. GASSA, J. R. VILCHE AND A. J. ARVIA 

alkaline [19, 20] solutions. Specpure (Johnson 
Matthey Chem. Ltd.) polycrystalline nickel wires 
(0.5 mm diameter, 0.25 cm 2 apparent area) were 
employed. The potential of the working electrode 
was measured against a saturated calomel electrode 
located in a separate compartment connected 
through a flitted glass disc and cup-type glass 
stopcock lubricated with the same electrolytic 
solution, but in the text potentials are referred 
to the NHE scale. The following electrolyte 
solutions were used: 0.15 mol dm -a Na2B407 + 
zmoldm -3 H3BO3 (with 0.15 ~<z ~< 0.60); and 
x tool dm -a NaOH + y mol dm -3 Na2SO4 (with 
10 -a ~<x ~< i,  and 0 ~<y ~< 0.67). They were pre- 
pared from thrice distiUed water and analytical 
grade (p.a. Merck) reagents. 

Experiments were performed under purified 
N2 gas saturation at 25 ~ C using: (a) single (STPS) 
and repetitive (RTPS) triangular potential scans 
between preset cathodic (Es,e) and anodic (Es,a) 
switching potentials, (b) single and repetitive 
galvanostatic pulses and step perturbations, 
(c) triangularly modulated triangular potential 
sweeps (TMTPS) and (d) complex combined 
potential perturbation programmes. The latter 
were employed to study the potentiodynamic, 
potentiostatic, and open circuit ageing of the 
electrochemically formed surface species. 

Unless specifically stated the following 

description of results basically refers to runs 
made with borate-boric acid solution pH 9.3. 
Borate-boric acid solutions with decreasing pH 
values down to pH 7.6 were used to evaluate a 
possible pH dependence of the kinetic parameters 
in the 7.6 to 9.3 pH range. For the sake of com- 
parison measurements in solutions containing 
sodium sulphate and in strong alkaline solutions 
were also made [ 19, 23 ]. 

3. Results 

3.1. The overall potentiodynamic E / l  profile 

The RTPS Eli  profile run between - 0.76 V- 
1.24 V after previous cathodization at - 1.0 V 
(Fig. 1) shows in the first positive potential going 
scan the broad anodic current peak at ca. -- 0.2 V 
(peak I) which corresponds to the Ni(OH)2 forma- 
tion and, in the potential range between ca. 0.8 V 
and 1.2 V, the current peaks (peaks II, III and IV) 
related to the complex redox system 
Ni(OH)2 ~- NiOOH + H + + e. 

During the RTPS the height of peak I gradually 
decreases but the shapes of the complex peaks II 
and III remain practically unchanged although the 
corresponding charges increase. Peak IV appears 
more poorly defined as the pH decreases. There- 
fore, the potentiodynamic Eli  response of nickel 
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Fig. 1. Potentiodynamic displays obtained 
under RTPS at v = 0.1 Vs -1 after a previous 
cathodization at -- 1.0 V during 10 min. The 
first, the second and the Eli profile after 
120min cycling are shown; pH 9.3. 
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in buffered solutions (7.6 ~< pH ~< 9.3) in the 
potential range of Ni(OH)2 formation is, in prin- 
ciple, similar to that already known in strong 
alkaline solutions (pH > 12) [19, 24-26]. 

3.2. The Eli  profile related to the Ni/Ni(OI02 
electrode 

The charge involved in current peak I during the 
first anodic potential going excursion is relatively 
low. If one assumes for the electrode a roughness 
factor of about 2, the Ni(OH)2 charge can be 
assigned to the formation of a Ni(OH)2 mono- 
layer. The dependence of the height of peak I 
(ip, i) and the corresponding peak potential (Ep,i) 
on potential scan rate, v, and on pH (in the pH 
range 7 < pH < 14) are given by the following 
relationships (Figs. 2-4): 

(a EI,,I/O log V)p H = 

0.064 -+ 0.007 V decade-1 

(8 log ip, i/8 log V)pH = 0.95 + 0.10 

(8 log ip, i/8 pH)v = 0 + 0.05 

(8 Ep, I/8 PH)v = 

-- 0.068 -+ 0.007 V decade-a. 

A systematic study of the Eli  profiles in the 
N i ( O H ) 2  formation potential range shows that 
peak I exhibits complementary cathodic current 
peak (peak V) at ca. -- 0.62 V which partially 
overlaps the hydrogen evolution current (Figs. 5 
and 6). The potentiodynamic Eli  profiles, run 
with a STPS at a preset v starting from different 
values of~:s, c after a constant cathodic polariz- 
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Fig. 2. Dependence o f  Ep,  I on v f rom the first anodic 
potential  scan; bo ra t e -bo r i c  solution, pH 9.3. 
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Fig. 3. Dependence of  ip, I on v from STPS employing 
electrolytic solutions with pH values ranging between 7.6 
and 13.9. Both the  mean  ip, I and the limiting ip, I values 
for all solutions pH at each v are indicated. 

ation time at this potential, show the height of 
peak I depends on Es, e when Es, c > -- 0.8 V, but is 
independent of it when Es, e < -- 0.95 V (Fig. 5a). 
Furthermore, the height of peak V (ip, v) and the 
corresponding peak potential (Et, ' v) depend on 
the Es, a value. The degree of reversibility of the 
redox couple associated with peaks I and V can 
be, in principle, correlated to the peak potential 
difference AEp = Ep ,  I - - E p ,  V �9 z2~Ep decreases as 
v decreases (Fig. 5). Unfortunately the extrapola- 
tion of AEp to v -+ 0 is not feasible due to the 
overlapping of peak V with the Eli profile of the 
hydrogen evolution reaction (Fig. 5b). 

0 - ~ ' 0  i i I 1 i I i 

~ . - 0 . 2  2 V / s  
Ld 

-03 o 

0 ,  v = 0 0 2 v , s  

- 0 6  I I I I I I I 

8 9 10 11 12 13 14 

pH 

Fig. 4. Dependence o f  Ep, I on pH f rom the fks t  anodic 
potential  excursions.  (X) v = 0.02 V s -1 ; (o) v = 0.2 V s -~. 
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Fig. 5. Potentiodynamic Eli 
contours obtained under STPS. 
(a) Influence of E s e on the Eli 
curves recorded as '(). 2 V s- 1 : 
(1) Es, e = - -  1.2V; (2) Es, c=  
- -  1 . 1  V ;  ( 3 )  E s e = - -  1.0V; 
(4) Es, c = -- 0.~ V; (5) Es, c = 
-- 0.8 V; and (6) E s e = - -  0.7 V. 
(b) STPS Eli profll~ run at 0.02 
Vs-t, Es, e = -  1.1V. 

RTPS runs within the potential  range of  the 
Ni/Ni(OH)2 electrode show a stabilized Eli p r o n e  
after 3-5  min potential  cycling. The anodic por- 
tion of  the voltammogram recorded at the nth  

cycle in comparison with that  of  the first cycle 
is slightly shifted towards negative potentials 
(Fig. 6). The Eli characteristics obtained in 
borate solutions (7.6 ~< pH <~ 9.3) exhibit  the 
same features. At pH 7.6 the stabilized Eli con- 
tours run at different values o f  v (Fig. 7) show a 
remarkable symmetry of  peaks I and V once 
both the baseline corrections for the passivity 
current and the hydrogen discharge current were 
taken into account. At the n th  potential  cycle 

both ip, I and ip, V change linearly with v. 
The shapes of  current peaks I and V are very 

sensitive to Es, a (Fig. 8). Thus, as Es,a becomes 
more positive it appears that  the ox ide -hyd rox ide  
layer is hardly electroreducible. In this case the 

electrode passivity increases progressively as Es, a 
becomes more positive. Then, peaks I and V are 
no longer distinguishable. On the other hand, the 
initial reactivity of  the electrode is recovered after 

cathodizing at Es, c values about - -  0.8 to --  0.9 V. 
Nevertheless, when the cathodization proceeds at 
Es, e ~( - -  1.1 V, during a relatively long t ime,  then 
an anodic current pre-peak is observed in the 
potential  range preceding peak I. The location of  
this peak, however, depends both on the cathodlz- 
ation potential  and on v. Furthermore,  at very low 
v (v < 0.002 Vs  -1) a new anodic shoulder appears 
at potentials more positive than that  of  peak I. 

This is similar to the anodic contr ibution observed 
at higher v in acid solutions within the ac t ive -  

passive transition potential  range [17, 18]. 
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Fig. 7. Stabilized RTPS Eli profiles run at different values 
of v between Es, e = -- 1.16 V and Es, a = 0.24 V; pH 7.6. 

3.3. The Eli profile related to the potential range 
of  Ni(II)/Xi(III) 

The RTPS Eli profile obtained in borate buffers 
(7.6 ~< pH ~< 9.3) in the potential range of  the 
Ni(II)/Ni(III) couple (Figs. 9 and 10) is, in prin- 
ciple, similar to that already observed in strong 
alkaline electrolytes [19, 20]. Although in strong 
alkaline solutions peak III is much thinner than 
peak II a situation which is reversed in slightly 
alkaline and neutral electrolytes. The charges 
involved both in the anodic and cathodic reactions 
are equal, in the order of  1 A5 mC cm -2 apparent 
area at v = 0.2 V. For comparable runs the poten- 
tials of  the different current peaks shift linearly 
with the solution pH (Fig. 11). The increase in 
z~iE; (z~E; = Ep, I I - -Ep ,  III)  as the pH decreases 
(Fig. 11) is probably due to the fact that only 
small v values are required in solutions approach- 
ing neutrality to achieve the independence of  peak 
potential values on solution pH (Fig. 12), while at 
pH 14 both Ep, u and Ep, iii values remain practi- 
cally independent o f v  at least for v < 0.03 Vs -1 
[19]. The height of  peak II (ip, I[ ) fits a linear 
dependence on v, which coincides with that found 
in 1 tool dm -3 KOH (Fig. 13). From these results 
one concludes (0 log ip, i i /0 pH)v ~ 0. 
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Fig. 9. Stabilized RTPS Eli displays run at different 
values of v; pH 9.3. 

The Eli contours recorded with asymmetric 
RTPS, either with a constant Va and a variable v e 
(Fig. 14a) or vice versa (Fig. 14b), exhibit a wide 
cathodic peak (peak III) and a relatively sharp 

anodic peak (peak II), the increasing portions of 
the latter being coincident and approaching a 
straightline relationship. 

The complexity of peak II (Fig. 15) is evident 
when applying to the electrode the perturbation 
programme depicted in the figure. As the time 7 
corresponding to the intermediate perturbation 
between Es, a and Es, e increases, the charge related 
to the peak located at 1.10 V decreases and corre- 
spondingly, that of the peak at 1.15 V increases. 
This effect is also similar to that earlier described 
for KOH aqueous solutions [20, 27]. An analogous 
splitting is achieved in the electroreduction profile 
by properly selecting Es, e and r (Fig. 16) [19, 25 ]. 
The periodic potential perturbation including a 
potential holding at Es,a yields an accumulation of 
product which electroreduces at potentials more 
negative than the potential of peak III (Fig. 17). In 
this case the inclusion of a potential holding at 
Es, a implies an enhancement of the electroreduc- 
tion charge and an increase in the height of the 
current peak IV, (Fig. 17a) but when the holding 
at the potential Es, a is interrupted, then the El1 
profile comes back to the conventional stabilized 
RTPS El1 profile (Fig. 17b). 

There is a remarkable influence ofEs, e on the 
Eli profile in the potential range of current peak 
II. Thus, as Es, c becomes more positive (Fig. 18) 
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Fig. 10. Stabilized RTPS Eli displays run 
at different values of v; pH 7.6. 
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Fig. 11. Dependence of Ep II (X) and Ep III (o) on pH 
measured with RTPS at 0.01 V s -1 emplo~;ing comparable 
switching potentials. 

the anodic process begins gradually at lower poten- 
tials. It appears that the relative amount of the 
Ni(III) surface species which remains on the elec- 
trode at Es, e diminishes, and accordingly some 
polarization contributes during the anodic process. 
The effect is similar to that observed through the 
TMTPS experiments reported in strong alkaline 
solutions [28]. However, as Es, e is extended 
towards negative values,the complete electroreduc- 
tion of the Ni(III) containing film is achieved. 

3.4. Galvanostatic runs 

The potential response to both anodic and 
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Fig. 13. Dependence of ip, II on v from RTPS. Borate-  
boric acid solutions: (X) pH 9.3; (v) pH 8.4; (a) pH 7.6. 
KOH + K2SO 4 solutions: fix) pH 11.9; (o) pH 12.9; 
(o) pH 13.8. The full line corresponds to the measure- 
ments run using 1 mol dm -3 KOH. 

cathodic current steps (Figs. 19 and 20) shows 
clear transition times in the potential range of 
both the Ni(OH)2 electrode and the Ni(II)/Ni(III) 
redox couple. The definition on the transition 
times depends remarkably on the duration of the 
potential step. They reveal the occurrence of one 
main process in the potential range of the Ni(OH)2 
electrode and the occurrence of at least two 
processes in the potential range of the Ni(II)/ 
Ni(III) redox couple. 

4.  D i s c u s s i o n  

There is apparently a similar potentiodynamic 
behaviour of nickel in strong alkaline electrolyte 
and in electrolytes approaching neutrality. The 
behaviour of nickel in buffered borate solutions 
(7.6 ~< pH ~< 9.3) exhibits at low potentials the 
response related to the Ni + H20 = Ni(OH)2 + 
2H § + 2e reaction and at high positive potentials 
that of the formation of Ni(III) species, according 
to the reaction: Ni(OH)2 ~ NiOOH + H § + e. The 
characteristics of the former process is to some 
extent similar to that found in sulphate containing 
solutions in the acid pH range. In this case, the 
product initially formed undergoes a series of 
chemical and electrochemical transformations 
which can be derived from the El i  profile resulting 
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from a systematic combination and change of the 
potential perturbation condition. The final pro- 
duct which is related to the passive oxide film is 
NiO [15-18]. Within the 5.5 to 9.5 pH range the 
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Fig. 15. Potentiodynamic Eli displays obtained with the 
perturbation programme depicted in the figure. Es, e = 
0.240 V, Es, a = 1.17 V, Es, a = 1.06 V, v = 0.1 V s-'. 
(1) Influence of r on the stabilized RTPS El1 contour. 
(2) r = 10min; (3) r=  15 min. 

thickness of  the latter is practically independent 
of the solution pH and on the type of anions in 
solutions [14]. Unlike the NiO passive film formed 
under potentiostatic conditions at high potentials, 
the oxo-hydroxide film produced under potentio- 
dynamic conditions in the range pH 7.6-9.3 is 
believed to be associated with its electroreduction 
to Ni(Ott)2 in an overall conversion reaction prob- 
ably similar to that proposed for charging and dis- 
charging the nickel alkaline battery [2, 3, 6, 7]. In 
this case the multiplicity of phases found for both 
reactions taking place in the potential range of both 
the Ni(OH)2 electrode and the Ni(II)/Ni(III) redox 
couple by means of the potentiodynamic pertur- 
bation techniques adds considerably to the compli- 
cations of using simple kinetic models for inter- 
preting optical data [12]. 

In the Ni(II)/Ni(III) redox couple potential 
range a structural change of the passivating thin 
layer in the vicinity of the equilibrium potential of 
the oxygen electrode furnishes catalytic properties 
for the oxygen evolution reaction [29]. The time 
dependence of the photopotential which was 
explained by a doping mechanism which changes 
p-type oxide into the n-type oxide, correlates with 
the multiplicity of states found in the buffered 
borate solutions. 
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The kinetic parameters related to peak I in the 
weak alkaline buffered electrodes are analogous 
to those previously reported in strong alkaline 
solutions [23] and also comparable to those 
earlier reported for acid electrolytes [18] if one 
takes into account that in the former case there 

LLI _ ff~'1 -~ I- :1 
0 

~3 = 10 min 
0 . 5 -  \ \ ~ g 2 : 5  rnin 

0 50 100 
t/sec 

Fig. 19. Galvanostatic charging curves at i a = 108/~A cm -2 
after different holding times at i e = -- 64/~A crn -2 in the 
hydrogen evolution potential region; pH 9.3. 
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Fig. 20. Galvanostatic discharging curves at different i e 
after 5 min anodization at i a = 108 gA crn -2 ; pH 9.3. 

is no chemical dissolution of  the Ni(OH)2 film. 
This means that as the pH increases the mech- 
anism of  the potentiodynamic formation of  the 
Ni(OH)2 layer changes from a predominantly 
precipitation-dissolution mechanism at low pH 
[(0 Ep,i/a log v) = 0.062 and (a log ip, i/3 log v) = 
0.5] to an activation-controlled film-forming 
mechanism at high pH [(3 Ep, i/3 log V)pn = 0.064 
and (a log ip, i/a log V)p H "-~ 1.0)]. There is there- 
fore, a continuity in the validity of  the reaction 
pattern for the behaviour of  Ni/Ni(OH)2 electrode 
in aqueous electrolytes including those containing 
either sulphate or borate ions in going from the 
strong alkaline to the acid solutions. The overall 
process consists then of  the solvent-assisted metal 
electro-oxidation yielding hydroxo-containing 
species and the deprotonation of  the latter in 
successive steps including between the first and the 
second electron transfer step, a chemical change to 
the surface film [23]. On the assumption that a 
uniform Ni(OH)2 layer is formed the kinetic data 
can be formally accounted for when the chemical 
process is the rate determining step. 

The main difference between the electro- 
chemical behaviour of  nickel in strongly alkaline 
and weakly alkaline solutions is found in the 
growth rate of  the anodic Film. As recently 
reported for the galvanostatic oxidation of  nickel 
in borate buffer solutions [16, 30], the stability of  
the passive films both towards open circuit break- 
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down and electroreduction depends strongly on 
both  the time and the potential  of  anodic film 

treatment.  
The present results confirm that in borate 

electrolyte,  thicker oxide films can be grown at 
potentials in the oxygen evolution potential  region 
and are coincident with the fact that  films formed 

in the passivation of  nickel in phosphate contain- 
ing solutions exhibit  the same optical constants at 
pH9.1 and 4.5 but  different growth rates [14]. 
The increase in thickness of  the anodic trim at 
anodic potentials after prolonged polarization 
occurs through addit ional film formation on top 
of the passive film. In this case, the composit ion 
changes, so that as the potential  increases the film 
is probably partially dehydrated [30-32]  and 
decreases in thickness. The charges involved in 
the potent iodynamic E l i  profiles confirm that  a 
secondary passivation occurs in the oxygen evolu- 
tion potential  region, a fact which correlates with 
the abrupt  increase in the optical constants of  the 
film which depend on its thickness [33]. In this 
case Ni 2§ ions should go into solution only after 
the passivation film grows to its steady state thick- 
ness. Then, in addit ion to the chemical or electro- 

chemical dissolution of  the film, a mechanism 
involving a film breakdown which continuously 
produces microbreakdown sites should simul- 
taneously operate.  As recently pointed out  [16] 
this mechanism of  direct oxidat ion should corre- 
spond to a misorientation associated with the 
increase in the layer thickness, yielding an open 
cellular sponge-type film. 
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