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The influence of  carbon monoxide, ethylene, acetylene, ally1 alcohol and propargyl alcohol on nickel 
electrodissolution in aqueous 0.5 M H2SO4 was studied after the adsorption equilibrium of each of  
these species at a fixed potential and room temperature had been attained. The hindrance of  nickel 
electrodissolution by carbon monoxide is greater than that resulting from double and triple C - C  
bond compounds  at the same concentration in the solution. Corrosion current, corrosion potential, 
the amount  of  dissolved nickel at a constant potential and steady hydrogen evolution polarization 
data combined with voltammetric deconvolution data provide information about  the nickel 
electrodissolution inhibition capability of  these substances in acid solution. 

1. Introduction 

Nickel and Ni-alloy are relatively low cost materials 
of technical interest in electrochemical energy con- 
version devices and electrocatalysis. In aqueous 
environments, nickel is covered by either an electro- 
chemically active hydroxide layer, or a passive NiO 
layer depending on the solution composition, applied 
potential and temperature [1, 2]. CO and some organic 
species added to acid solution act as an inhibitor of 
nickel electrodissolution over a certain potential range 
[3-5]. As the mechanism of nickel corrosion and 
passivation in aqueous solution is already reasonably 
well-established [1, 2], the study of Ni-additive inter- 
actions in the electrochemical environment offers the 
possibility of either improving or reducing nickel 
corrosion resistance. 

The interaction of additives with metal surfaces in 
ionic conducting environments may result in the 
additive molecule being either adsorbed or electro- 
adsorbed as such or dissociatively. For the latter 
one, different types of adsorbates [6-9] with particular 
stoichiometries and structures can be formed. For 
platinum and gold, this type of interaction has been 
extensively investigated for a number of substances 
in acid solution [9, 10]. 

This work refers to the influence of carbon monox- 
ide (CO), ethylene (ET), acetylene (AC), allyl alcohol 
(AA) and propargyl alcohol (PA) on nickel electro- 
dissolution in aqueous H2SO 4 followed by potentio- 
dynamic and potentiostatic techniques. The presence 
of one of these substances in the acid environment 
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modifies, specifically, the nickel corrosion and 
passivation including the hydrogen evolution reaction 
(HER). Changes are interpreted mainly by a com- 
petitive adsorption of either the additive itself or its 
electroadsorption products with OH-containing 
species resulting from water electrochemical reactions 
on nickel. 

2. Experimental details 

Experiments were carried out in a conventional 
electrochemical cell with a flowing solution device 
(microflux cell) at 25 °C. The following electrodes 
were used, a Ni wire (0.298 cm 2 in geometric area) as 
working electrode (we), a Pt plate (ca. 2 cm 2 in geo- 
metric area) as counter electrode, and a reversible 
hydrogen electrode (RHE) as reference. 

Deaerated aqueous 0.5M H2SO 4 prepared from 
98% H2SO 4 (p.a.) and Millipore-MilliQ® water was 
employed as the base solution. CO, ET and AC 
were purified following the procedures recommended 
in the literature for each substance [11]. The amount 
of CO, ET and AC added to the base electrolyte 
corresponded to solubility saturation at 25 °C, that 
is, 4.5 x 10-4M for CO, 5 x 10-3M for ET and 
0.44 M for AC [12]. Otherwise, the AA concentration 
was varied in the range 7 x  10-3M ~<CAA~<0.1M, 
and the PA concentration was in the range 
5 × 10 .3 ~< cpA <~ 0.44 M. These solutions were prepared 
from repeated distilled p.a. chemicals. 

Rest potentials (Erest) of nickel were determined 
in both aqueous 0.5 M H2SO 4 (blank) and additive- 
containing 0.5M H2SO 4. 

A two-step potential routine (E 1 and E2) was 
applied to the working electrode in the blank, namely 
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at E i = I . 0 V  for q = 4 s ,  and E z = - 0 . 1 V  for 
t2 = 4 s. Subsequently, the potential was stepped to 
Ead, the so-called adsorption potential, for 5min, 
afterwards the base electrolyte was changed by either 
CO-, ET-, AC-, AA- or PA-containing aqueous 0.5 M 
H2SO4, and once the corresponding adsorption 
equilibrium had b e e n  attained, the solution was 
replaced again by aqueous 0.5M H2SO 4. Then, a 
positive-going direction potential scan was run from 
Ead to 1V at 0 .1Vs -1 to strip those adsorbed species 
which might have formed at Ead and to assist nickel 
electrodissolution and passivation. The value of  qox, 
the anodic stripping apparent  charge density, was 
then determined. 

The corrosion potential (Ecorr) and the apparent  
corrosion current density (Lorr) were determined 
f rom stationary potentiostatic anodic and cathodic 
polarization curves. The latter also provide information 
about  the HER.  

Current  transients immediately after the addition of 
the additive to the base solution by holding the elec- 
trode at Erest were also recorded. These experiments 
allowed us to distinguish whether additive adsorption 
or electroadsorption took place. 

The amount  of  nickel dissolved by holding the 
nickel electrode at E = 0 . 2 5 V ,  E = 0 . 5 0 V  and 
E = 0 . 8 0 V ,  for 15rain, was determined by con- 
ventional atomic absorption spectroscopy in both 
the blank and additive-containing solution. 

3. Results  

3.1. R e s t  po ten t ia ls  

Values of  Erest for nickel in different solutions are 
assembled in Table 1. In all cases, the presence of an 
additive shifts positively the value of Erest. This effect 
increases as the additive concentration in solution is 
increased. The greatest shift is produced by those 
compounds with a triple C - C  bond. 

3.2. Vol tamme t r i c  and current  transient data 

3.2.1. N i  in aqueous 0.5 M H 2 S O  4. Previously reported 
data [1, 2] showed that  the vo l tammogram of  nickel in 
aqueous H2SO 4 depends on the applied potential 
routine, solution composition, nickel electrode 

Table 1. Values of Erest for Ni in aqueous 0.5 M H2 SO 4 containing dif- 
ferent additives at 25 °C 

System Erest/V 

Ni/0.5 M H2SO4 
Ni/(CO sat) 0.5 M H2SO 4 
Ni/(ET sat) 0.5 M H2SO 4 
Ni/(AA 7 x 10 -3 M) 0.5M H2SO 4 
Ni/(AA 0.44M) 0.5 M H2SO 4 
Ni/(AA 0.10 M) 0.5 M H2SO4 
Ni/(AC sat) 0.5 M HaSO 4 
Ni/(PA 5 x 10 -3 M) 0.5 M H2SO 4 
Ni/(PA 0.44 M) 0.5 M H2SO 4 

-0.038 
0.018 
0.018 
0.036 
0.082 
0.105 
0.288 
0.100 
0.278 

pretreatment, and temperature. For  data comparison 
these variables were adequately preset. 

The vo l tammogram of nickel in aqueous 0.5M 
H2SO 4 at 0.1 Vs  -1 run f rom 0V upwards (Fig. l(a)) 
displays a large anodic current contribution involving 
peak I at 0.24V, a hump (peak II) at 0.4V or 
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Figl 1i (a) Cyclic voltammogram for Ni in the blank run at 0.1 V s - 1  . 

T = 25 °C. (b) Voltammogram for Ni in the blank after a potential 
holding at 0V for 5rain. v=0.1Vs -1, T=25°C. (c) Current 
transient for Ni in the blank run at E=0V,  T=25°C, we 
0.298cm 2 in geometric area. The potential sweep direction is 
indicated by arrows on the voltammograms. 



E 
thereabouts, and a passivation current plateau 
extending from 0.7 to 1 V. The reverse potential scan 
shows a small cathodic current peak at -0.1 V. On 
the other hand, a potential holding at 0 V for 5 rain 
produces a considerable enhancement of peak I in 
the subsequent voltammetric scan (Fig. l(b)). The 
value of qox involved in these experiments is 
210 mC c m 2 or thereabouts. 

Current transients resulting from nickel immersed 
in the blank by setting E in the range 
Erest ~< E ~< 0.4 V, show a monotonous increase in 
anodic current due to nickel electrodissolution 
(Fig. l(c)). 

3.2.2. Ni in CO-saturated aqueous 0.5 9 92304. A 
negligible cathodic current transient for nickel in 
aqueous 0 .59  H 2 S O  4 after CO saturation at either 
E = - 0 . 0 3 8 V  or E = 0 . 0 1 8 V  (see Table 1) was 
observed. Seemingly, in these cases the interaction 
between Ni and CO in this aqueous environment 
implies no dominant" net charge transfer process. 

The voltammogram of nickel in the blank run in the 
positive potential direction after a 5 min interaction 
with a CO-containing solution at E = 0 V (Fig. 2(a)) 
shows a remarkable decrease in the height of  peak I, 
and the appearance of a large and sharp anodic 
current peak at 0.50V. These voltammograms also 
show a residual anodic current from 0.8V upwards 
overlapping the residual current resulting from the 
blank. For  E in the range -0.20V~<E~<0.018V, a 
constant value qox = 68mCcm-2  was determined. 
This value of qox diminishes for E > 0.018 V. 

The cyclic voltammogram run after Ni inter- 
action with dissolved CO at 0.1Vs -1 between 
-0 .2  and 1V (Fig. 2(b)), gradually changes in 
the direction expected for a reactivation of the 
nickel electrodissolution reaction. After ten cycles 
the blank voltammogram is approached as the 
height of peak I increases and exceeds largely 
that of peak II. 

3.2.3. Ni in ET-saturated aqueous 0.5 M H2304. The 
same type of experiment referred to in Section 3.2.2 
was made in ET-saturated aqueous 0 .59  H z S O  4. 

Current transients measured at either Erest = 
-0 .038V or Erest = 0.018V also show a negligible 
electroadsorption charge. 

After Ni interaction with the ET-containing 
solution, the first voltammogram run from 0V 
upwards (Fig. 3(a)) shows a decrease in the height of 
peak I, and a broad and symmetric peak which is to 
some extent comparable to peak II in the blank. The 
value qox = 48mCcm-2  is attained in the range 
-0.2V~<E~<0.018V, but it diminishes abruptly for 
E > 0.018V (Fig. 3(b)). 

3.2.4. Ni in AA-containing aqueous 0 . 5 9  92304. 
The inhibition of nickel corrosion in AA- 
containing aqueous 0 .59  H 2 S O  4 depends on caA , 
as concluded from the corresponding anodic 
stripping voltammograms and current transients. 
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Fig. 2. (a) Voltammogram for Ni in the blank after Ni immersion in 
CO-saturated aqueous 0.59 H2NO 4 for 5min, at 0V. v = 0.1Vs 1, 
T = 25 °C. (b) Cyclic voltammograms for Ni in the blank after Ni 
immersion in CO-saturated aqueous 0.59 H2SO 4 for 5rain, at 
0V, v = 0.1 V s 1 T = 25 °C. Arrows indicate the direction of 
voltammetric profile variations. The potential sweep direction is 
indicated by arrows on the voltammograms. 
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Fig. 3. (a) Vol tammogram for Ni in the blank after Ni immersion in 
ET-saturated aqueous 0.5 M H2SO4 for 5 min, at 0 V, v = 0.1 V s - l ,  
T = 25 °C. (b) qox against Eaa plot resulting from vol tammograms 
for Ni run in the blank after Ni immersion in ET-saturated aqueous 
0.5M H2SO 4 for 5min,  at different Eaa , v = 0 .1Vs  -1, T = 25°C. 
The potential sweep direction is indicated by arrows on the 
vol tammograms.  

For  a nickel electrode which has been kept in 
AA-containing solution (7 x 10 -3 < CAA < 0.1 M) for 
5rain, at E = 0 V ,  the nickel electrodissolution 
process is inhibited. In fact, the corresponding 
voltammogram in the blank (Fig. 4(a)) shows a 
decrease in the height of peak I, and simultaneously 
the appearance of  a new peak at 0.48 V. The value 
qox = 59mCcm-2  is derived from this type of 
experiment. Otherwise, when the same run is made 
for CAA = 1.7 x 10-2M. The voltammogram shows 
peak I considerably reduced, and simultaneously the 
new peak is shifted from 0.48 to 0.54V (Fig. 4(b)). 
The value of  qox is then reduced to 44 mC cm -2. 

For  nickel previously held in AA-containing 
solution, the value of  qox resulting from the voltam- 
mogram run in the blank also depends on E,a and it 
reaches a maximum value of qox for E = Erest.  From 
the comparison of qox values at CAA = CET , it results 
that the nickel electrodissolution inhibition in AA 
containing solution is greater than in ET-containing 
solution. 

For  nickel immersed in the blank, current transients 
(Fig. 5(a) and (b)) were run at E = - 0 . 0 3 8 V  and 
E----0.105¥ with AA addition at a certain time. 
For  E = - 0 . 0 3 8 V ,  the current transient shows a 
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Fig. 4. Vol tammograms for Ni in the blank after Ni immersion in 
AA-containing aqueous 0.5M H2SO4 for 5min,  at 0V, 
v = 0 . 1 V s  -1. (a) 7 x 1 0  3M AA aqueous 0.5M H2SO4; (b) 
1.7 x 10 -2 M A A  aqueous 0.5 M H2SO 4 at T = 25 °C. The potential 
sweep direction is indicated by arrows on the vol tammograms.  

fluctuating cathodic current followed by a smooth 
decay to a constant electroreduction current. This 
current increases with cAa. Voltammograms subse-  
quently run from either E = -0 .038V or E = 0.105 
to 1.0 V are qualitatively similar to those illustrated 
in Fig. 4(a) and (b). 

On the other hand, the current transient run at 
E = 0.105V displays an anodic current maximum 
followed by a relatively fast decay to null current after 
300s (Fig. 5(b)). The voltammogram run in the 
positive potential direction is rather different from 
that seen in Fig. 5(a), as it displays a single main 
peak at about 0.5 V. 

3.2.5. Ni in AC-saturated aqueous 0.5M H2SO 4. 
Current transients of nickel in AC-saturated 
(cAC = 0.44M) solution at Ead =--0.0387 show a 
negligible cathodic current. The same run made for 
Erest = 0.288V shows a remarkable inhibition of  
nickel electrodissolution caused by the presence of 
AC. 

It appears that products from the interaction of 
nickel with AC at 0V, inhibit drastically nickel 
electrodissolution (Fig. 6(a)). In this case, an anodic 
current can be observed only for E > 0.4V. A 
subsequent voltammogram run in the positive 
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Fig. 5. Current  transients measured for Ni in the blank with 
AA-injection. (a) E = -0 .039V;  (b) E = 0.105V at T = 25 °C. 
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Fig. 6. (a) Voltammogram for Ni in the blank after Ni immersion in 
AC-saturated aqueous 0.5M H2SO 4 for 5min, at 0V. v = 0.1 Vs  1 
at T = 25 °C. (b) Cyclic voltammograms for Ni in the blank after Ni 
immersion in AC-saturated aqueous 0.5 M H2SO4 for 5 min, at 0 V; 
v = 0.1Vs -1 at T = 25°C. Arrows indicate the direction of 
voltammetric profile variations. The potential sweep direction is 
indicated by arrows on the voltammograms. 

potential direction exhibits an asymmetric peak at 
0.74V, whereas the reverse scan is comparable to 
that of the blank (Fig. l(a)). The value 
qox = 42mCcm 2 is nearly constant in the range 
-0.2V~<E~<0.288V, but it diminishes for E > 0.3V. 

Nickel specimens which have been kept in con- 
tact with an AC-containing solution for 5 rain, can 
be activated progressively in the blank by cyclo- 
voltammetry between -0.2 and 1V at 0.1Vs -I 
(Fig. 6(b)). 

3.2.6. Ni in PA-containing aqueous 0.5 M H2S04. The 
current transient resulting from the addition of PA 
to the blank (CeA = 0.44M), at E = 0.278 V, shows 
that nickel electrodissolution current decreases 
abruptly to zero (Fig. 7(a)) as for AC, although 
nickel electrodissolution inhibition caused by PA 
increases with CeA (Fig. 7(b)). 

For E = 0V and epA = 1.25 × 10 4M, the positive- 
going potential voltammogram becomes similar to that 
of the blank, but for CeA = 5 x 10-4M, a drastic 
decrease in the height of peak I, and a new peak at 
about 0.6V are observed (Fig. 7(b)). Moreover, for 
Cpa--CAc =0.44r~, both systems behave rather 
similarly, except that for PA the potential of the new 
peak is shifted negatively as compared to that recorded 
after nickel interaction with the AC-containing 
solution. 

After the interaction with PA-containing solutions, 
the voltammetric characteristics of nickel in the 
blank can be recovered by cyclovoltammetry (see 
Section 3.5). For PA-containing solution the complete 
reactivation of nickel is achieved after only 12 cycles. 

3.3. Stationary potentiostatie polarization data on 
additive-containing aqueous 0.5 M H2S04 

Values of Ecorr and Jcorr (Table 2) were determined 
from potentiostatic polarization curves, plotted as 
potential against logj  (Fig. 8) where j stands for the 
apparent current density. The additive in the solution 
changes the value of both Ecorr and Jcorr as compared 
to the blank. For ET and diluted AA-containing 
solutions, Jcorr decreases in almost one order of 

Table 2. Ecorr, Jcorr, b a and b c values obtained f rom Ni  pc in aqueous 0.5 M H s S O  4 containing the different additives at 25°C 

System Eco,,/V Jcorr/Acm 2 ba/Vdecade i _bc/Vdecade-1 

Ni/0.5 M H2SO 4 -0.020 1.4 × 10 -3 0.060 0.120 
Ni/(ET) 0.5M H2SO 4 -0.005 8.0 × 10 -4 0.060 0.090 
Ni/(AA 7 x 10 -3 M) 0.065 1.3 × 10 -4 0.066 0.090 

0.5 M H2SO4 
Ni/(AA 10 -I M) 0.100 2.1 × 10 5 0.060*, 0.040~ 0.090 

0.5 M H2SO 4 
Ni/(CO) 0.5M H2SO 4 0 1.0 × 10 6 0.060 0.090 
Ni/(PA 5 x 10 -3 M) 0.225 8.1 × 10 -6 0.030 0.225 

0.5 M HzSO 4 
Ni/(PA 4.4 x 10 -2 M) 0.260 1.9 × 10 -6 0.030 0.230 

0.5 M H2SO 4 
Ni/(AC) 0.5M H2SO 4 0.320 1.5 x 10 7 0.030 0.200 

* For potentials close to Ecorr. 
t For  potentials far from Ecorr. 
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Fig. 7. (a) Current transient measured for Ni in the blank with PA-injection. E = 0.278 V at T = 25 °C. (b) Voltammograms for Ni in the 
blank after Ni immersion in PA-containing aqueous 0.5 M H2SO 4 for 5 min at 0 V, v = 0.1 V s -1 , T = 25 °C: (a) 5 x 10 .4 M PA aqueous 0.5 
H2804; (b) 0.44M PA aqueous 0.5 H2SO4, T = 25 °C. (c) Cyclic voltammograms for Ni in the blank after Ni immersion in 0.44M PA 
aqueous 0.5 M H2SO 4 for 5 min, at 0 V. v = 0.1 V s -1, T = 25 °C. Arrows indicate the direction of voltammetric profile variations. The 
potential sweep direction is indicated by arrows on the voltammograms. 

magnitude, whereas for CAA > 0.1 M, C O ,  PA and AC- 
containing solutions, lower values of Jcorr a r e  

obtained. On the other hand, Ecorr shifts positively 
in additive-containing solution, the largest shift 
being produced by triple C - C  bond containing 
additives. 

For  E >> Ecorr, and E << Ecorr, the nickel electro- 
dissolution and HER,  respectively, exhibit a Tafel 
relationship in all solutions. 

The anodic Tafel slope, ba ~-2.3RT/F, is con- 
firmed for nickel in the blank as well as in those 
solutions containing CO and ET under saturation, 
and diluted AA, whereas for caA > 0.1 M, tWO anodic 
Tafel regions are found with slopes b a -~ 2.3RT/F for 
E--~ Ecorr, and b a ~- 2.3(2RT/3F) for E >> Ecorr. 
Otherwise, a triple C - C  bond additive in the solution 
decreases b a from 2.3RT/F to almost 2.3RT/2F. 

The cathodic Tafel slope resulting from the blank is 
bc ~- -2.3(2RT/F), whereas b ~- -2.3(3RT/2F) in 
ET, AA or CO-containing solution, and it rises to 

bo~--2.3(4RT/F) for AC and PA-containing 
solution (Table 2). The influence of additives with a 
C - C  triple bond on the H E R  confirms data already 
reported in the literature [13]. 

3.4. Chemical analysis data 

The amount  of dissolved Ni was determined by 
atomic absorption spectroscopy after holding nickel 
for 15min in the range 0.25V~<E~<0.75V in either 
the blank or additive-containing solution. Data are 
assembled in Table 3. For  all values of E, the 
amount of  soluble Ni decreases in the order 
ET > AA > CO > PA > AC. 

4. Analysis of voltammograms 

Based upon the earlier proposed mechanism for the 
nickel electrodissolution [14 and references therein] 
and considering Temkin-type adsorption isotherm 
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Fig. 8. Anodic and cathodic Tafel plots for Ni in the blank and in 
additive-containing aqueous 0.5M H2SO 4 at 25 °C. (O) Ni/0.5M 
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H2SO4, ([~) Ni/0.44M PA in 0.5M H2SO 4 (m) Ni/(ACsat) 0.5M 
H2SO 4 and (1) Ni/(COsat) 0.5 M H2SO 4. 

conditions for the species involved in the various 
surface processes [4, 9], the following general 
expression was used for Ja, the anodic current density 
in the voltammogram, 

"aF(E - E~°')] 
J" = k°i'Oiexp -R-T -| exp[riOi] (1) 

- i  

where k~' is the formal chemical rate constant of the 
ith-reaction, 0i is the degree of surface coverage by 
ith-species, oe is the anodic transfer coefficient 
assisting the electrochemical reaction in the anodic 
direction, E °'  is the formal standard potential, and ri 
stands for the variation of the electrochemical adsorp- 
tion free energy with Oi, at constant temperature (T). 
The use of the rate equation (Equation 1) can be 
justified by previous work on the electrochemical 
behaviour of nickel in aqueous aggressive environ- 
ments [14] including the validity of Temkin-type 
adsorption conditions [4, 9]. 

For a linear potential sweep run in the positive 
potential direction, 

E = Es + vt (2) 

where Es is the potential at which the sweep corn- 

mences at the potential sweep rate, v. For a surface 
electrochemical reaction, Ja can be expressed as 

i" dO i" ~ 

J :  ,<M, tm)  

where KMi represents a reference charge density 
related to the complete coverage of the nickel surface 
by the ith-species and the sign accounts for the 
decrease in Oi during the anodic potential sweep. 
Then, from Equations 1, 2 and 3, it follows that 

, i0  ° Oi-  l _r~ KM~aVF exp~ - ~ (4) 

where 0 ° is the initial surface coverage by ith-species, 
and/~o, is a formal electrochemical rate constant, that 
is,  

/7o, . o ,  (s) 

Equations 1 and 3 can be solved by conventional 
methods [15] using Equation 4. Correspondingly, 
for the simulation of voltammograms the following 
fitting parameters were tested, Oi, ri, C and D, 
where C = R T  / a F  and D =- - (  k?t / KMiV ). Simulated 
voltammograms for the different systems are shown in 
Fig. 9(a-f), and both, fitting parameters and kinetic 
data derived for each system, are assembled in Table 
4. It should be noted that deconvolution data have 
to be handled carefully, particularly when the 
potential of the peaks varies due to the change in 
the relative degree of surface coverage by different 
adsorbates. 

5. Interpretation and discussion 

The electrochemical behaviour of nickel in aqueous 
0.5M H2SO 4 within the active to passive transition 
potential range has been described by three main 
contributions, namely, the electrodissolution of 
nickel yielding soluble Ni(n) species, the electro- 
formation of the anodic layer, which includes the 
appearance of Ni(OH)2 , NiO and passivating species, 
and the chemical dissolution of the anodic layer 
[16-20]. 

The anodic processes related to peak A1 involve a 
consecutive reaction pathway which can be put 

Table 3. Concentration of dissolved Ni resulting after holding a Ni pc electrode at different potentials for 15 min 

System cm 2+/mg din -3 CNi2+/rag dm -3 eui2+/mg dm -3 
E = 0.25 V E = 0.50 V E = 0.80 V 

Ni/0.5 M H2SO 4 26 1 1 
Ni/(ETsat) 0.5 M H2SO 4 23 1 1 
Ni/(COsat) 0.5 M H2SO 4 2 2 2 
Ni/(0.10 ~ AA) 0.5 M H2SO 4 5 3 3 
Ni/(0.44 M PA) 0.5 M H2SO 4 2 3 3 
Ni(ACsat) 0.5 M HzSO 4 1 2 1 
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Table 4. Parameters resulting from voltammogram deconvolution in aqueous 0.5 M H2SO 4 after Ni immersion in additive-containing solutions 

Voltammetrie 

peak Ep/V Ip x 10 3 / A Op qox/mC cm -2 ki °' /cm s -a 

Ni/0.5 ~ H2SO 4 

Peak A1 0-,22 9.72 0.86 24.8 5,7 x 10 -2 
Peak A2 0.43 1.30 0.09 6.0 1.2 x 10 -4 

Ni/(COsat)O.5 M H2SO 4 
Peak B1 0.27 0.38 0.03 10.5 5.0 x 10 -2 
Peak Bz 0.51 14.30 0.95 40.6 8.3 x 10 -5 
Peak B3 0.58 0.73 0.06 4.5 3.1 x 10 -5 

Ni/(ETsat) 0.5 M HzSO 4 
Peak CI 0.25 9,06 0.81 24.0 4.5 x 10 2 
Peak Cz - 1.26 0.18 12.0 - 
Peak C3 0.49 4,66 0.22 18,0 1.4 x 10 7 

Nil(7 x 10 3 M AA)  0.SM H2SO 4 
Peak D1 0.27 1,96 0.13 7.5 1.1 x 10 -2 
Peak De 0.29 0.57 0.02 0.7 1.0 x 10 -5 
Peak D3 0.46 2,90 0.20 13.5 6.4 x 10 -5 
Peak D4 0.47 0,94 0.08 6.8 1,6 x 10 -7 

Ni/(ACsat) 0.5 M HzSO 4 
Peak Ea 0.75 3,22 0.16 13.3 1.0 x 10 10 
Peak E2 0.76 2.72 0.17 13.0 2.9 x 10 - u  

Ni/(4.4 x 10 -z M PA) 0.5M HzSO 4 
Peak F1 0.65 4.71 0.24 10.3 1.3 x 10 -9 
Peak Fa 0.65 2.57 0.14 12.0 1.7 x 10 -9 
Peak F3 0.73 1.00 0.05 2.2 3.2 x 10 - l°  
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Fig. 9. Deconvolution of  vol tammograms run in 
the positive potential direction. (a) Ni/0.5M 
H2SO4, (b) Ni/(COsat) 0.5 M H2SO 4, (c) Ni/(ETsat) 
0.5M H2SO4, (d) N i / 7 x  10-3M AA in 0.SM 
H2NO4, (e) Ni/(ACsat) 0.5M H2SO 4, (f) Ni/0.44M 
PA in 0.5M H2SO4. Full lines represent overall 
vol tammograms.  
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forward as follows: 

[Ni(HaO)ad] = [Ni(OH)ad] + H + + e (6a) 

[Ni(OH)adl = [Ni(OH)adl + + e- (6b) 

[Ni(OH)ad] + ÷ H20 = {Ni(OH)2 } ÷ H + (6c) 

and the Ni 2+ ion formation from the OH-adsorbed 
species implies reactions such as 

[Ni(OH)ad] + H + = Ni 2+ + H20 (6d) 

{Ni(OH)2} + 2H + = Ni 2+ + 2H20 (6e) 

The anodic processes responsible for peak A 2 can 
also be described by a complex reaction pathway in 
the following way: 

{Ni(OH)2} + H20 = {Ni(OH)2. H20} (7a) 

3[Ni(OH)ad] = [2Ni(OH)aa" Ni(OH)a+d] + e (Tb) 

leading to the electroformation of the anodic layer 
from reaction (6(a)-(c)) and (7(a)-(b)). 

Finally, the partial chemical ,dissolution of the 
oxide layer can be represented by the following 
reaction: 

[2Ni(OH)ad • Ni(OH)+d] + H + = {Ni. Ni(OH)2} 

+Ni 2+ + H20 (8) 

On the other hand, the spontaneous corrosion of 
nickel in an acid environment is accompanied by 
the HER as the main cathodic process. The HER 
on nickel in the blank fits a Tafel relationship 
with bc = -2.3(2RT/F) and J0 = 10-522Acm-2, in 
agreement with data already reported in the literature 
[21]. A further analysis of kinetic data related to the 
HER indicates that an electrochemical desorption 
probably determines the rate of the HER on Ni in 
acid. 

The comparison between the simulated (Fig. 9(a)) 
and experimental data (Fig. 1) allowed us to estimate 
the relative contribution of reactions (6(a)-(e)) (peak 
A1 at 0.22 V), and reactions (6(a)-(c)) and (7(a)-(b)) 
(peak A2 at 0.43 V), followed by Ni passivation. The 
formal rate constants derived for each voltammetric 
peak are assembled in Table 3. 

5.1. Influence of CO 

The bonding of CO to Ni proceeds by donation of the 
lone pair of electrons of the carbon atom to vacant d 
orbitals of Ni. For this interaction, the electro- 
donation capability of CO is small and a 
back-donation of electrons from filled d orbitals of 
Ni to vacant re* antibonding orbitals of CO is 
favoured. 

The CO interaction with nickel in the electro- 
chemical environment produces an abrupt decrease 
in the height of peak A 1 (Fig. 2), but the lack of a 
current transient at a constant E, as CO is added 
to aqueous 0.5 M H 2 S O  4 indicates that in this case 

nickel electrodissolution is strongly inhibited pre- 
sumably by the presence of CO-adsorbates. In fact, 
a small amount of soluble nickel species at 0.25 V 
determined by AAS (atomic absorption spectro- 
scopy) can still be found in the presence of CO 
(Table 2) [4]. 

The anodic electrodissolution of nickel in the 
presence of CO can be interpreted as a series of 
reaction such as: 

[Ni(H20)]ad ÷ CO(aq) = [Ni(eO)adl ÷ H20 (9a) 

[(Ni(U20)ad] = [Ni(OU)ad] + H + + e- (gb) 

Accordingly, in the presence of CO adsorbates only a 
fraction of the nickel surface would be available for 
nickel electrodissolution following the reaction 
pathway (6(a)-(e)). In this case, the voltammogram 
simulation (Fig. 9b) comprises three main current 
contributions related to peaks B1, B2 and B 3. The 
potential of peak B1 is similar to that resulting from 
the blank (peak A1 in Table 2). Likewise, the value 
of k ° ' ~  _ 5 × 10 2cms-1 is very close to that of the 
blank. This means that at CO free Ni sites, the con- 
ventional kinetics of the nickel electrodissolution is 
observed. 

On the other hand, peak B2 located at 0.5 V can be 
assigned to the CO electrooxidative desorption and 
simultaneous [Ni(OH)]ad formation, because the 
amount of soluble nickel found at this potential, 
that is, a potential at which the nickel surface is still 
largely covered by CO-adsorbates, becomes very low 
as compared to that of the blank. 

The electrooxidative desorption of CO, which can 
be represented as 

[Ni(CO)ad] + 2H20 = CO 2 + [Ni(OU)ad] + 3H + + e- 

(9c) 

is subsequently followed by Ni 2+ ion electroformation 
and the electrooxidation of [Ni(OH)ad] to {Ni(OH)2} 
leading to the appearance of peak B3 (Table 4) 
[1, 2]. 

In agreement with the preceding description, poten- 
tiostatic polarization data (Table 2) indicate that the 
value of ba remains the same as that for nickel in the 
blank, whereas in the presence of CO bc-~ 
-2.3(3RT/2F). This decrease in bc might be caused 
by a change in the adsorbate-adsorbate interactions, 
although this is far from proven. The above explana- 
tion is consistent with the fact that the rate of nickel 
electrodissolution in CO-containing solution is three 
orders of magnitude lower than in the blank. The 
presence of CO delays, therefore, both nickel 
electrodissolution and the HER [5]. 

5.2. Influence of ET 

The molecular adsorption of ET is accomplished by a 
re-bonding interaction which involves a charge dona- 
tion from the ethylene molecule to d orbitals of Ni, 
and in some cases, a charge back-donation to the ethy- 
lene re* antibonding orbitals [22]. 



334 C.F. ZINOLA, A. M. CASTRO LUNA AND A. J. ARVIA 

Potentiostatic current transients indicate that 
molecular ET adsorption on nickel from the electro- 
chemical environment is likely. In fact, no electroad- 
sorption current can be detected in the range 
-0.1V~< E~<0.4V. 

The simulation of the anodic voltammogram after 
ET interaction with nickel (Fig. 9(c)) shows peak C1 
at 0.25V, which resembles peak A1 in the blank 
(Table 4), peak C2 at about 0.4V, and peak C3 at 
about 0.5V. Peak C2 involving qox--12mCcm-2, 
can probably be attributed to ET electrodesorption 
from the nickel corroding surface. The presence of an 
ET-adsorbate would produce a decrease in the formal 
rate constant of {Ni(OH)2} and {NiO} formation, a 
process which can be assigned to peak C3. 

The relatively little influence of ET on nickel electro- 
dissolution is consistent with the similar amount of 
soluble nickel detected and the small voltammetric 
changes observed in this system as compared to the 
blank (Fig. 3(a)). Moreover, potentiostatic polarization 
curves for the nickel in the ET-containing solution 
show anodic and cathodic Tafel lines similar to those 
found for the blank. Nevertheless, the nickel electrodis- 
solution rate is only one order lower than in the blank. 

5.3. Influence of AA 

Seemingly, the interaction of AA with nickel is com- 
parable to that of AA with Pt, that is, it can be 
explained as a ~r bonding between the double C-C 
bond and d orbitals of Ni, as it was concluded by 
EELS (electron energy loss spectrometry) and AES 
(Auger electron spectroscopy) [23]. Molecular models 
favour a double C-C bond parallel to the metal 
surface, so that the -CH2OH group extends away 
from the plane. Otherwise, it has been shown that 
AA-electroadsorption on Pt(l 1 1) yields CO and 
olefinic residues, which were detected by EELS and 
FTIRS (Fourier transform infrared spectroscopy) 
[23]. 

The voltammogram deconvolution resulting after 
Ni-AA interaction at E = 0V for CAA = 7 x 10-3M 
AA, consists of four main contributions, namely, 
peak D1 at 0.27V which can be related to nickel 
electrodissolution and {Ni(OH)2} formation, peaks 
D2 and D 3 which can be attributed to the anodic 
stripping of distinguishable organic residues formed 
from AA adsorption, and peak D 4 probably related 
to {Ni(OH)2} dissolution and {NiO} formation. The 
height of peak D 1 decreases as CAA is increased. 
Peak D1 can be related to nickel electrodissolution 
itself. Peak D2 can be related to the desorption of 
CO-type residues, as the corresponding formal 
rate constant derived from this peak is similar to 
that attributed to peak B2 for the CO-containing 
solution, although D2 is shifted negatively 0.3V 
as compared to peak B2, probably because of the 
lower CO residue surface coverage resulting from 
AA dissociative adsorption. Correspondingly, peak 
D 3 can be attributed to the electrooxidation of the 
olefinic-adsorbate fraction. 

For AA-containing solutions a considerable 
positive potential shift of E c o r r  is observed on increas- 
ing CAA (Table 2). Besides, for E _ Eoorr, it results in 
ba ~-2.3RT/F, but for E >> Ecorr and CAA > 0.1 M, 
b a ~-- 2.3(2RT/3F). Otherwise, for cAa = 0.l M it 
results in bc ~- -2.3(3RT/2F), that is, the same value 
of bo as that found in CO and ET-containing 
solutions. 

5.4. Influence of AC 

Several structures for metal-alkyne complexes a r e  
consistent with the Dewar-Chatt-Duncanson 
scheme of bonding [24]. EELS studies have shown 
that AC molecular adsorption on Ni(1 1 1) takes place 
at room temperature, but dissociative adsorption 
involving several hydrocarbon fragments can be 
observed on heating to higher temperatures [25, 26]. 
The great extent of back-donation of electrons from 
Ni to AC, causes a strong Ni-C covalent bond and, 
therefore, a weaker and more elongated triple C-C 
bond can result [27, 28]. 

The voltammogram simulation after Ni-AC 
interaction in the electrochemical environment 
exhibits two main current contributions, namely, 
peaks E1 and E2 both at about 0.75V. Peak E 1 
can be assigned to the AC-residue electrooxidation, 
and peak E2 to the {Ni(OH)2 } electrodissolution 
and {NiO} formation. It should be noted, however, 
that the potential of E 2 is positively shifted with 
respect to that of peak A2 in the blank. This shift 
indicates that Ni electrodissolution in AC-containing 
solutions is strongly inhibited by adsorbate forma- 
tion. This would mean that a competitive adsorption, 
such as 

[Ni(OH)ad] + AC = [Ni(AC)ad] + OH- + H + (10) 

is totally displaced to the right as can be envisaged 
from the voltammogram (Fig. 6(a)), the value of 
E c o r r  , and the low value ofJcorr. 

5.5. Influence of PA 

The inhibition of PA for metal dissolution can be 
explained through an initial interaction of the triple 
C-C bond with the metal surface. The EELS 
spectrum of PA-adsorbates on Pt in aqueous solution 
shows a double C-C bond stretching frequency 
instead of that corresponding to a triple C-C bond 
[23], that is, the adsorption of PA on Pt lowers the 
bond order of the unsaturated C-C bond. CO and 
hydrocarbon species have been found [23] as adsorbed 
residues on platinum from diluted aqueous solution 
when Eaa-~ 0.4V. Taking into account that the 
bonding of adsorbates on nickel is to some extent 
comparable to the bonding of adsorbates on platinum 
[29], the adsorption of PA on nickel would lead to a 
disrupture of the molecule yielding, at least, two 
distinguishable adsorbate moieties. 

Voltammetric data on nickel electrodissolution 
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after interaction with the PA-containing solution 
show a stronger inhibition of the anodic reactions 
than in other olefinic species-containing solution, 
but weaker than that produced by AC-residues. 
Furthermore,  nickel reactivation in the blank after 
interacting with the PA-containing solution by 
repetitive potential cycling requires a lower number 
of  cycles than for the AC-containing solution. 

In contrast to AA, PA is adsorbed on nickel 
through a chemical reaction, therefore, no anodic 
superimposed current is recorded during the current 
transient after PA injection to the blank. 

The vol tammogram simulation resulting from 
nickel after immersion in the 0 .44u PA-containing 
solution at E = 0V for 5 min, involves three main 
contributions. Assuming that a dissociative adsorp- 
tion of PA takes place on nickel as it does for platinum 
[23], at least CO-type and hydrocarbon residues 
would be formed. Then, peak F 1 would be mainly 
related to the electrooxidation of CO-type residues. 
Peak F 1 is shifted positively as compared to peak B 2 
for the CO-containing solution. Otherwise, peak F 2 
can be mainly assigned to the electrooxidation of 
hydrocarbon residues and peak F3 to {Ni(OH)2} 
electrodissolution and {NiO} formation. 

The Tafel slope for the H E R  on Ni in the presence 
of AC and PA is bc --- - 2 . 3 ( 4 R T / F ) .  This indicates 
that the reaction involves a large cathodic polariza- 
tion, presumably caused by hydrocarbon-type and 
CO-type residues completely covering the nickel 
surface. Conversely, the value of ba decreases from 
2 . 3 R T / F  to 2 . 3 ( 2 R T / 3 F ) .  This decrease in ba is 
similar to that reported for some other hydrocarbon 
electrooxidations on platinum [30]. Seemingly, the 
presence of PA in the acid solution favours in this 
case PA electrooxidation rather than nickel electro- 
dissolution at least in the range of potential 
0.3 ~<E~<0.6V. 

6. Conclusions 

(i) The influence of several foreign substances on the 
nickel electrooxidation and H E R  in aqueous 0.5M 
H2SO 4 was investigated by stationary polarization 
curves, anodic single sweep vol tammetry after 
Ni-foreign substance interaction, and current 
transients at a constant potential with the injection 
of the foreign substance to the acid. 

The deconvolution vol tammograms resulting from 
nickel in the blank after interacting with a foreign 
substance-containing solution becomes useful to 
envisage the effect of  those substances on nickel 
electrooxidation. 
(ii) The greatest inhibition of nickel electrodissolution 
in acid is caused by organic compounds involving a 
C - C  triple bond, such as acetylene and propargyl  
alcohol. 
(iii) Organic substances with a double C - C  bond tend 
to produce a lower inhibition of nickel electro- 
oxidation than those with a triple C - C  bond. Allyl 
alcohol becomes more effective than ET because of 

its disruptive electroadsorption leading to CO-type 
and olefinic adsorbed species on nickel. 
(iv) Ni electrodissolution inhibition caused by the 
presence of carbon monoxide is greater than that 
resulting from double and triple C - C  bond 
compounds at the same concentration in the acid. 
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