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O comportamento eletroquimico de ligas amorfas Ni-Co em solugBes de
carbonato/bicarbonato foi investigado usando espectroscopia de impedéancia eletroquimica
combinadacom voltametriaetécnicas de polarizagdo estacionérias. Osresultadosindicam que
a cinética do processo de dissolugdo € dependente do pH e da forca i6nica da solucdo
eletrolitica. A composi¢do do metal vitreo é um fator importante na determinagdo dos
parametroscinéticosenvol vidosno complexo comportamento el etroquimico dessesmateriais.

The electrochemical behavior of amorphous Ni-Co aloysin carbonate/bicarbonate solu-
tions was investigated using electrochemical impedance spectroscopy combined with
voltammetry and stationary polarization techniques. Theresultsindicatethat thekineticsof the
dissol ution processes are dependent on the pH andionic strength of the el ectrolyte. Thecompo-
sition of the glassy metal isan important factor in determining thekinetic parametersinvolved
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in the complex electrochemical behavior of these materials.
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I ntroduction

Ni-Co amorphous alloys present an el ectrocatal ytic ac-
tivity on the OER in alkaline solution which is higher than
that of their crystalline counterparts' 8 adreferencetheréin Tha
use of these materials requires a satisfactory resistance to
general and localized corrosion. It has been found® that the
corrosion behavior of different polycrystalline Ni-Co al-
loysis afunction of alloy composition.

A corrosion study of Ni-Co based glassy metalsin car-
bonate-bicarbonate solutionsat pH 8.9 showed that thedis-
solution processes are dependent on the ionic strength of
the electrolyte'”.

The present study was undertaken in order to evaluate
theinfluence of the pH and ionic strength of the el ectrolyte,
aswell asthe alloy composition, on the corrosion behavior
of aglassy Ni-based alloy (Vitrovac 0080), and to compare
these results with Ni-Co based alloys.

Experimental

Amorphous aloys (Vakuumschmel ze GmbH, Hanau)
with the compositions Vitrovac 0080 (Ni7gB14Sis), G15
(NissCo20B12Si10) and G16(NizsCosoB10Sits), were em-
ployed as the working electrodes. A conventional
three-compartment glass cell was used with alarge area Pt
counter electrode and acalomel reference el ectrode. Poten-
tialsin the text are referred to the normal hydrogen elec-
trode (NHE) scale.

Electrochemical impedance spectroscopy (EIS) com-
bined with steady-state current density/potential (j/E)
curves, and single (STPS) and repetitive (RTPS) triangular
potential sweeps, were performed under purified N2 gas
saturation in the following solutions: x M KHCOz +y M
K2COs (0.75 £ x £ 25; 0.05 £ y £ 0.5), covering the
8.3-10.5 pH range at 25 °C.
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Results and Discussion

For the characterization of the electrochemical behav-
ior of the amorphous alloys, voltammograms were run be-
tween the potentia regions of the hydrogen and oxygen
evolutionreactions. Thecurrent density/potential (j/E) pro-
files corresponding to the first forward potential scan of
G15 dloy in the different electrolyte solutions are pre-
sentedin Fig. 1. Thevoltammetric profilein0.05 M K,COs
+ 0.75 M KHCOs (pH 8.9) shows a first anodic current
peak (Peak |) at ca. -0.3 V, associated with Ni/Ni(Il) hy-
droxide transformation!, a second anodic contribution
(Peak I1) at ca. 0.05V, related to the oxidation of Co(ll) to
Co(I11) oxides or hydroxides'?, and a third anodic current
peak (Peak I11) at ca. 0.7 V, associated with the redox cou-
ple Ni(I1)/Ni(111)*. The current values of each peak are
complex functions of the pH, ionic strength, and carbon-
ate/bicarbonate ratio. jp increases and peak |1 appears less
defined according to theionic strength and pH. Theinflu-
ence of bicarbonateionsbecomesevident at thetop of peak
I11. The voltammograms of G16 (not shown here) also ex-
hibit on thefirst anodic scan all of the current contributions
described above. Furthermore, lower voltammetric charge
densitiesof the peaksassociated with Ni transformation are
observed for G16 alloy in comparison with G15 aloy. Itis
interestingto note, that current peaksl| related tothe oxida-
tion of Co(I1) to Co(l11) are the best defined, and that peak
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I11 appears at more negative potentials. Thisfact is associ-
ated withtheincreasing Co concentrationinthealloy. This
tendency is confirmed with data obtained under similar ex-
perimental conditions employing the non-Co containing
aloy, Vitrovac 0080, in which case peak |11 shiftsto 0.9 V.
This Co effect has also been found by other authors®3,
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Figurel. First forward going potential scan of theG15alloy indiffer-
ent electrolyte solutions: (—) 0.05M K2CO3+0.75M KHCO3 (pH =
8.9); (---) 0.17M K2CO3+2.5M KHCO3 (pH =8.9); (*-+-) 0.15M
K2COz+0.75M KHCO3 (pH =9.5) and; (** - *=-) 0.5M K2CO3 + 2.5
M KHCOg3 (pH = 9.5).
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Figure2. Stationary polarization curves of the Vitrovac 0080, G15, and G16 aloysin (a)0.167 M K>COs +2.5M KHCO3 (pH 8.9) and (b) 0.5M

K2CO3 + 2.5 M KHCO3 (pH = 9.5) solutions.
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The steady state polarization curves of Vitrovac 0080,
G15, and G16 electrodes in 0.167 M K>COz + 25 M
KHCO; (pH 8.9) and 0.5 M K,CO3z + 25 M KHCO3
(pH =9.5) areshowninFigs. 2aand 2b, wherethedotsindi-
cate the potentials at which impedance spectra were re-
corded.

The current contribution at about 0.6 V can be associ-
ated with the redox couple Ni(I1)/Ni(111)!. It isworth not-
ing that this current peak appears at more positive
potentials for the non Co-containing alloy. This effect was
asofound by Lian et al.8, who suggested that cobalt addi-
tions to Ni(OH)2 stabilize Ni hydroxide, improve the con-
ductivity and charge efficiency of Ni(OH)2, and increase
the oxygen overpotentia. Furthermore, Folquer et al.'®
found acatalytic effect of the Co(11)/Co(l11) reaction onthe
Ni(I1)/Ni(111) reaction in co-precipitated Ni-Co alloys
through hydroxide ions inserted into the metal hydroxide
layers.

At aconstant pH, the high value of the current peak (jp)
increaseswithincreasing Ni concentrationinthealloysand
theionic strength of the electrolyte. These effects hold for
all of the tested alloys. On the other hand, as pH increases
(Fig. 2b) the value of the j, becomes higher for the
Co-containing aloy and remains practically constant in the
caseof Vitrovac 0080. At aconstant concentration of bicar-
bonateions, linear log jp vs. pH relationships are obtained
withaslopeof 0.42+0.05for G15and 0.4 £+ 0.02for G16.
Accordingly, the data revealed acomplex effect of carbon-
ate/bicarbonate ions on the corrosion behavior of Ni-Co
based glassy metals.

The frequency response of each investigated amor-
phous alloy was found to be remarkably dependent on the
applied potential, on thealloy composition, and onthe el ec-
trolyte concentration. Nyquist plotsrecorded with Vitrovac
0080in 0.167 M K,CO3 + 2.5 M KHCO3 (Fig. 3) exhibit a
capacitive semicircle at potential values closeto the corro-
sion potential (Fig. 3d), and at more positive polarizations
an inductive contribution appears at the intermediate fre-
guencies, whereanew time constant at |ow frequenciescan
be observed (Figs. 3b-€). As the anodic polarization in-
creases, the resistance values associated with the low fre-
guency contribution become negative (Fig. 3f). The
above-described influence of the electrolyte composition
on the steady-state measurement isal so observed intheim-
pedance data.

Otherwise, theimpedance response obtained inthe case
of the Co-containing alloys (G15 and G16) in carbonate/bi-
carbonate solutions presents the same general features as
the Vitrovac 0080 one, but involves higher inductance,
which in turn hinders the appearance of awell-defined in-
ductive behavior at intermediate frequencies and a
non-complete capacitive semicircle at low frequencies
(see, for instance, Figs. 4 and 5). Thehigher impedanceval-
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Figure 3. Nyquist diagrams of aloy Vitrovac 0080 at different ap-
plied potentials. Solution0.167 M K>COz+2.5M KHCO3(pH 8.9).

ues obtained employing these alloys in comparison with
Vitrovac 0080 are consistent with the lower current densi-
ties under steady-state conditions for the aloy with a
higher Co content.

The whole set of experimental impedance spectra can
be discussed according to thefollowing total transfer func-
tion:

Z, (W=R +Z ey
with
jWLR.
Z-1:CP -1+R+J |c+
[CPE)™* + [Ra *+ o
+ Ra g1 g
WwC, R, +1

where RV is the electrolyte resistance contribution, w =
2pf, [CPE] denotes the constant phase element given by
[CPE] = [Cai(jw)3] %, Ca is the Helmholtz layer capaci-
tance, a takes into account the distribution of time con-
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stants due to surface unhomogeneities in the amorphous
aloys, R representsthe charge transfer resistance defined
as Z(w = ¥), L and R;¢ are associated with the inductive
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Figure 4. Nyquist diagrams of the G15 alloy at different applied po-
tentials. Solution 0.167 M K2COsz + 2.5 M KHCO3 (pH 8.9).
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Figure5. Nyquist diagrams of the G16 alloy at different applied po-
tentials. Solution 0.167 M KCOz + 2.5 M KHCO3 (pH 8.9).
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contribution which can beinterpreted by assuming astrong
potential dependence of the active site concentration caus-
ing surface relaxation phenomena, and Ry and Cy can be
related, in principle, to a Faradaic pseudo-capacitive con-
tribution of an adsorbed reaction intermediate at thelowest
frequencies.

The good agreement between the experimental and
simulated data according to transfer function (1) analysis
using non-linear least-squarefit routinesisdemonstratedin
Figs.6and7in0.167 M K,CO3+2.5M KHCO3 (pH =8.9)
and 0.5M K,CO3+2.5M KHCO;3 (pH = 9.5) solutions, re-
spectively.

Thevalues of Cy and R were determined from the op-
timum fitting according to Eq. 1. Inthe potential range-0.4
VEEE£0V,itwaspossibleto estimatemeanvaluesby Cy =
30+ 10nFcm?anda = 0.95+ 0.05, while the value of Ry
decreases linearly. At positive applied potentials the Ret
values are nearly constant and lower capacitancevalues, C
=9+ 2nF cm’?, are obtained. Theselow C values are typi-
cal of ametal covered with a passive film*, and may be
considered the passive film and double layer capacitance
connected in series. The potential independence of the ca-
pacitance indicates either insulating or semiconducting
properties of thepassivefilms. AtE+ 0V, Ryt =0.434 bljs
for acharge transfer controlled reaction, where jss denotes
the steady-state current density and b = JE/fllogljss | isthe
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Figure 6. Comparison of the experimenta (0) and fitted (-) Bode
plotsof thea,b) Vitrovac 0080, c,d) G15, and e,f) G16 alloysin 0.167
M K2COs + 2.5 M KHCOs (pH 8.9).
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Figure 7. Comparison of the experimental (o) and fitted (-) Bode
plotsof thea,b) Vitrovac 0080, c,d) G15, and e,f) G16 alloysin0.5M
K2CO3z + 2.5 M KHCO3 (pH = 9.5).

Tafel slope of the anodic reaction, b » 120 mV was found,
corresponding to a charge transfer coefficient of 0.5.

The analysis of the impedance parameters associated
with the time constant contribution at the lowest frequen-
ciesisdifficult in the case of alloys G15 and G16 dueto an
incomplete capacitive profile, although it was possible to
estimateaval ue of Cag» 860+ 60 F/cm?. Thevaluesof re-
sistanceand capacitanceassociated with the second capaci-
tiveloop for Vitrovac 0080 were closeto 3.5 + 0.2 kWcm?
and 4 + 0.2 mF/cm?, respectively.

It is possible to conclude, in principle, that the fit pa-
rameters related to the inductive loop observed at interme-
diatefrequenciesfail to obey adirect function of the Ni/Co
concentration ratio in the alloy matrix. This fact is reaf-
firmed by the experimental results obtained with Vitrovac
0080, which present aclear inductive contribution at inter-
mediate frequencies.
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Theimpedance resultsclearly show that the dissol ution
processes are taking place through a complex reaction
mechanism, and it is necessary to determine the composi-
tion of the surfacefilmsformed on amorphousalloysunder
different polarization conditions. Consequently, X PS stud-
iesarein progress.
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