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Abstract The dissolution processes of amorphous G15
(Ni58C020B125i10) and G16 (NiZSCOSOBIOSiIS) alloys
in carbonate-bicarbonate buffers (8.9 < pH < 10.5)
have been studied using voltammetry and stationary
polarization techniques combined with electro-
chemical impedance spectroscopy and X-ray photo-
electron spectroscopy (XPS) measurements. Results
indicate that the electrochemical processes are depen-
dent on the applied potential, the alloy composition,
and the pH and ionic strength of the electrolyte. An
enhancement of the corrosion processes is observed
when the pH and the ionic strength are increased and
when the Co content of the alloy diminishes. Further-
more, XPS provided information about the composi-
tion of the surface layer.

Keywords Ni-Co alloys - Amorphous alloys -
Electrochemistry - Electrochemical impedance
spectroscopy - X-ray photoelectron spectroscopy

Introduction

The excellent chemical properties of amorphous alloys,
as reflected in their mechanical, electrical, catalytic, and
magnetic properties, have attracted the attention of
many researchers [1, 2, 3, 4]. Certain amorphous alloys
show an electrocatalytic activity which is higher than
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that of their crystalline counterparts and other conven-
tional catalysts. Ni-Co based alloys have been studied
extensively owing to their good electrocatalytic proper-
ties with respect to the oxygen evolution reaction (OER)
in alkaline solutions ([5, 6, 7, 8, 9, 10, 11, 12] and ref-
erences therein). The use of these materials requires a
satisfying resistance to general and localized corrosion.
However, it should be noted that neither polycrystalline
nor amorphous Ni-Co based alloys have received much
attention to establish their dissolution behaviour, as
briefly reported in the following.

Linker and Plieth [13] found that the corrosion re-
sistance of Ni-Co glassy metals in both neutral and acid
solutions exceeded by about two orders of magnitude
those of the corresponding polycrystalline metals. Ball
and Payer [14] characterized the corrosion behaviour of
different polycrystalline Ni-Co alloys as a function of
pH, chloride ion content in the electrolyte, and the alloy
composition. Recently, a preliminary corrosion study
was carried out on amorphous G15 (NisgCo,0B;5Si;0)
and G16 (NiysCos9B1Si5) alloys in carbonate/bicar-
bonate solutions at pH 8.9 [15, 16]. The results obtained
in these investigations showed that the dissolution pro-
cess of these alloys is markedly dependent on the ionic
strength of the electrolyte.

The aim of the present work is to evaluate the influ-
ence of pH and ionic strength of slightly alkaline solu-
tions, as well as the alloy composition, on reactions
occurring during the dissolution process of G15 and G16
alloys, employing electrochemical techniques combined
with X-ray photoelectron spectroscopy (XPS) measure-
ments.

Experimental

G15 and G16 amorphous alloys (Vakuumschmelze, Hanau, Ger-
many) were used as working electrodes. These electrodes were
soldered to a copper wire with a conducting epoxy resin as a cold
weld (Polytec, Germany); then, the union and the copper wire were
enclosed in a glass tube and sealed by an epoxy resin. The seal was
completely covered with a Teflon band.



It is known that the electrochemical properties of amorphous
alloys are related directly to the fabrication process [4]. For this
reason the alloys investigated were produced using the same
preparation method (by rapid solidification). The results were ob-
tained employing both shiny and dull sides of the ribbon, with the
shiny side situated in front of the Luggin-Haber capillary. Samples
were ribbons of 50 um thickness and 2 cm? area. In order to
evaluate the influence of Co content on the electrochemical beha-
viour of glassy metals, electrodes of Vitrovac 0080 (Ni;gB;4Sig)
were used for comparison.

Prior to electrochemical experiments the electrodes were
cleaned with analytical grade acetone (Merck), thoroughly rinsed
with four-fold distilled water and, finally, cathodically polarized for
30 s in the potential range of the hydrogen evolution reaction
(HER), —0.80 V to —1.00 V, in order to provide an electroreduced
glassy metal initial surface.

A conventional three-compartment glass cell was used with a
large-area Pt counter electrode and a properly shielded calomel
reference electrode, which was connected to the rest of the cell
through a Luggin-Haber capillary tip. Potentials in the text are
referred to the normal hydrogen electrode (NHE) scale.

Electrochemical impedance spectroscopy (EIS) measurements
combined with steady-state current-potential curves and single
triangular potential sweeps (STPS) between pre-set cathodic (E;.)
and anodic (E;,) switching potentials at v=0.010 V s were per-
formed under purified N, gas saturation in the following solutions
at 25°C:

. 0.75 M KHCO;+0.05 M K,CO5
. 2.50 M KHCO;+0.17 M K,CO;
. 0.75 M KHCO3+0.15 M K,CO5
. 2.50 M KHCO;+0.50 M K,CO;
. 0.75 M KHCO; +1.50 M K,CO;

pH 8.9 (solution A)
pH 8.9 (solution B)
pH 9.5 (solution C)
pH 9.5 (solution D)
pH 10.5 (solution E)

(O N

These solutions were prepared with analytical grade (Merck) re-
agents and four-fold distilled water, which was previously boiled to
remove CO,.

The polarization curves were obtained employing a potentiostat
and the potential sweep experiments were carried out using a po-
tentiostat and a function generator (EG&G Parc 173).

Impedance measurements were carried out using a frequency
analyser, which included a potenciostat (Zahner IM6d). The ex-
periments were conducted by applying a small amplitude pertur-
bation of 5 mV in a sine waveform, and by scanning the modulus
of impedance and the phase shift over the frequency range from
1 mHz to 100 kHz; the applied potential range was -—
0.60 VS E<0.80V.

In addition, XPS measurements were performed using ESCA 3
Mark II equipment, with Mg-K, X-rays (1 hiv=1253.6 eV) as ex-
citation source.

Results and discussion
Voltammetric data

For the characterization of the electrochemical beha-
viour of the amorphous alloys tested in this work, vol-
tammograms were run between the potential regions of
the hydrogen and oxygen evolution reactions. The cur-
rent density/potential (j/E) profiles corresponding to the
positive-going potential scan from FE;.=-0.76 V to
E,,=0.84V at v=0.01 V5! for alloy GI5 in the dif-
ferent electrolyte solutions are presented in Fig. 1. The
voltammetric profiles of G15 (Fig. 1) show for solutions
B-D a first anodic peak (peak I) at about —-0.30 V, a
second anodic contribution only for solution A (peak IT)
at ca. 0.05V, and a third anodic current peak for all
solutions (peak IIT) at ca. 0.70 V. The height of the

current peaks was revealed to be dependent on pH, ionic
strength, and carbonate-bicarbonate ion concentrations.

The height of current peak I decreases at pH 9.5 as
the ionic strength increases (see, for instance, curves C
and D). In contrast, the peak I current value increases
with ionic strength at pH 8.9. This peak is not observed
in solution A, but it is well defined in solutions B-D. In
spite of peak I, peak II appears clearly only for solution
A, and is not observed for the other solutions. The
height of peak III increases when the carbonate con-
centration increases (see, for instance, the voltammetric
response obtained in solutions A, C, and E, and those
obtained in solutions B and D) and when the bicar-
bonate concentration increases, at constant pH (com-
pare curves A with B and C with D).

The voltammograms for alloy G16 (Fig. 2) exhibit
during the anodic scan all the current contributions for
solution A for alloy G15. However, peak I is only ob-
served in solution A, current peak II is found to be
better defined, and peak III appears at more negative
potentials for G16 alloy in comparison with G15 alloy.

The voltammperometric response of the pure poly-
crystalline metals under comparable experimental con-
ditions is well known [17, 18]. Peak I has been associated
with Ni to Ni(IT) hydroxides active/passive transition
[17], peak II was related to the oxidation of Co to oxide-
hydroxide species [18], and the third anodic current peak
(peak III) corresponds to the redox couple Ni(II)/Ni(III)
[17]. The voltammograms of the amorphous metals re-
vealed that the potentiodynamic response could not be
interpreted as simple superposition of the typical current
peaks corresponding to the single metallic components.
Kupka et al. [11] have also shown a mixed voltammetric
behaviour for both Ni and Co for an electrodeposited
amorphous alloy containing Co, Ni, and P. However, in
some cases the overall shapes of the voltammograms
reflect the oxide formation of the main metal compo-
nents; for example, the most intense current peak II in
G16 alloy (Fig. 2) can be associated with the high
Co concentration of this alloy. Furthermore, the Co
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Fig. 1 First positive-going potential scan of alloy G15 in different
electrolyte solutions; v=0.01 V s
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Fig. 2 First positive-going potential scan of alloy G16 in different
electrolyte solutions; v=0.01 V s!

influence can be appreciated in the potential shift of
peak IIT (Figs. 1 and 2). These two effects of Co con-
centration are confirmed with data obtained under
similar experimental conditions employing an alloy
without Co, such as Vitrovac 0080, in which case, as
expected, peak II disappears and peak III shifts to
0.90 V [16]. The Co influence was mentioned also by
Lian et al. [10], who suggested that Co additions to
Ni(OH), stabilize Ni-hydroxide species, improve the
conductivity and charge efficiency of Ni(OH),, and in-
crease the oxygen overpotential. Furthermore, Folquer
et al. [19] found in co-precipitated Ni-Co hydroxides a
catalytic effect of the Co(II)/Co(IIl) reaction on the
Ni(IT)/Ni(IIT) reaction through hydroxide ions inserted
into the metal hydroxide layers.

On the other hand, both Ni and Co hydroxides are
hydrous species with an open structure in which Ni(IT)/
Ni(IIl) and Co(Il)/Co(Ill) are largely coupled and
linked by hydroxide ions inserted into the hydroxide
lattice. The hydrous oxides formed on Ni [20] have been
described as solvent-filled oxides with potential-pH de-
pendence higher than 60 mV/pH unit. In the case of G15
and G16 alloys, a linear relationship between the peak
III potential and pH was considered, and a slope value
of ca. 85 mV/pH unit was obtained. This value suggests
that the oxidation process of Ni(II) to Ni(III), associated
with peak III, involves an excess of OH  ions in the film
formed on the metal surface.

Stationary polarization data

The steady-state polarization curves of alloys G15 and
G16 are shown in Fig. 3. A well-defined peak is observed
at ca. 0.6 V, probably corresponding to peak III in the
voltammetric response. Although the stationary data
were obtained under the same initial experimental con-
ditions as those employed in the voltammetric mea-
surements, the contributions of the dissolution processes
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Fig. 3 Stationary polarization curves of alloys a G15 and b G16 in
different electrolyte solutions

of Ni and Co (peaks I and II in the voltammograms) are
not clearly detected, probably due to the overlapping of
peaks I, II, and III. Under the same experimental con-
ditions, this overlapping becomes clearer in the case of
the G16 alloy, which presents wider peaks and lower
current peak values than G15 alloy in each solution. At
constant pH (either solutions A and B or solutions C
and D, respectively) the height of the current peaks in-
creases with increasing carbonate concentration of the
electrolyte. On the other hand, as the pH increases the
current peaks become sharper. It was observed that
the current contributions are two or three times higher
as the carbonate ion concentration in the solution in-
creased (see, for instance, polarization curves recorded
in solutions A, C, and E, as well as those obtained in
solutions B and D). The kinetic change observed for the
Co-rich alloy supports the idea that the broad peak
obtained in steady-state conditions also involves oxi-
dized Co species. The preceding interpretation agrees
with a similar change reported for a pure Co electrode in
solutions containing carbonate buffer [18].

EIS data

EIS results for the amorphous alloys investigated in this
paper are shown in Figs. 4, 5, 6, 7 in the form of Nyquist
plots. The Nyquist plots for G15 alloy in solution A
(Fig. 4) exhibit, at a potential of E=-0.36 V (which is
close to the corrosion potential), a capacitive semicircle
(Fig. 4a). At increasing positive anodic polarization a
superposition of two contributions appears at interme-
diate frequencies, whereas in the low-frequency region a
new capacitive time constant emerges. The latter can be
more clearly observed as the operational potential is set
more positive (Fig. 4b—d). When the polarization ex-
ceeds the peak potential, impedance diagrams reveal a
negative resistance component (Fig. 4e, f), in good
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Fig. 4a—f Impedance diagrams for G15 at different applied
potentials in solution A (frequencies in Hz)

agreement with the slope of the steady-state polarization
curve.

The frequency responses of G16 alloy in all carbon-
ate/bicarbonate ion containing solutions, covering the
8.9-10.5 pH range, show similar characteristics for the
impedance spectra as those for G15 alloy, but involving
lower inductance values. The particular case of G16 in
solution B, pH 8.9, is shown in Fig. 5a—f.

At constant solution pH and at comparable anodic
overpotentials, lower real parts of the impedance and
higher inductance values were found as the ionic strength
increased [16]. On the other hand, as the pH increased an
enhancement of the rate of processes associated with all
the time constants was observed (see, for instance, Fig. 6
obtained with G16 alloy in solution D).

The whole set of experimental impedance spectra can
be discussed according to the following total transfer
function:

ZT(]w) =R, +Z(](1)) (l)
with:

-1
Rad

LR,
Z(jw))”" = [CPE] ™ 4 | R 4L
2] = [CPE] ™+ R+ - e

JoL+ Ri.

(2)

where Rq is the electrolyte resistance contribution,
w=2nf, [CPE] denotes the constant phase element
given by [CPE]=[Cy (jw)*]", Cq is the double layer
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Fig. 5a—f Nyquist diagrams for alloy G16 at different applied
potentials in solution B (frequencies in Hz)

capacitance corresponding to the total (shiny and dull
sides) interface electrode/electrolyte. Although the two
sides of the electrode appeared different visually, the
shiny side and the dull side of the electrode are not
involved separately in the model because the electro-
chemical responses (steady state polarization curves,
voltammetry, and EIS) of the both sides of the elec-
trode were similar. This fact was also reported by other
authors [21]. The « parameter takes into account the
distribution of the time constants due to surface in-
homogeneities in amorphous alloys; R represents the
charge transfer resistance defined as R, = lim Re[Z]; L
and R;. are associated with the inductive “contribution
which can be interpreted by assuming a strong poten-
tial dependence of the active sites concentration causing
surface relaxation phenomena; and R,q and C,q4 can, in
principle, be related to a faradaic pseudo-capacitive
contribution of an adsorbed reaction intermediate at
the lowest frequencies. The term (_/]UEETR) is necessary to
obtain a good fit for the greater part of the experi-
mental impedance response; this fact indicates the
presence of a contribution which acts as an inductive
loop. When this pseudo-inductive contribution is very
small, this term is practically negligible and does not
disturb the complete model.

The good agreement between experimental and
simulated data according to the transfer function given
in the analysis of Eqgs. 1 and 2 using non-linear least-
square fit routines is demonstrated in Figs. 7 and 8 for
alloys G15 and G16 respectively in solutions C and D.
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Fig. 6a—f Impedance diagrams for alloy G16 at different applied
potentials in solution D (frequencies in Hz)
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The values of C4 and R, determined from the
optimum fit procedure according to Eqgs. 1 and 2,
in the potential range 04 V<E<O0V, were
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Fig. 8 Comparison of the experimental log|Z| (O), experimental ¢
(0), and simulated (—) Bode plots for alloy G16 in solutions C and D

Cq=30+10 pF cm 2 and =0.95+0.05, while the val-
ues of R decrease linearly. At positive applied potential
the R values are nearly constant and lower capacitance
values, C =~ 9+2 uF cm 2, are obtained. These lower
capacitance values are typical of a metal covered with a
passive film [22] and may be considered as the passive
film and double layer capacitance connected in series.
The potential dependence of the capacitance indicates
either insulating or semiconducting properties of the
passive films. At E<0V, R,=0.434b/j,, for a charge
transfer-controlled reaction, where j,, denotes the stea-
dy-state current density and b = 9E/dlog|j| is the Tafel
slope of the anodic reaction. The calculated value of b
was =120 mV, which corresponds to a charge transfer
coefficient of 0.5.

The analysis of the impedance parameters associated
with the time constant contribution at lowest frequencies
is difficult because it is a non-complete capacitive loop.
However, it was possible to calculate from the fitting an
approximate value of Cpq ~ 860+ 60 uF/cm?.

The fit parameters related to the inductive loop ob-
served at intermediate frequencies fail to obey a direct
function of the Ni/Co concentration ratio in the alloy
matrix. This is confirmed by the experimental results
obtained with Vitrovac 0080, which present an inductive
contribution at intermediate frequencies [16].

Furthermore, the criterion of the percentage errors of
the parameters determined by non-linear regression was
taken into account. In all systems studied the values of
the errors were lower than 5% in the case of Cy and R,
and were ~10% for C,q and R,q. A larger percentage
error corresponded to the parameters for the inductive
contribution; in this case, the values were 15% and 33%
for R;. and L, respectively.
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X-ray photoelectron spectroscopy

XPS analysis was carried out to contribute in the iden-
tification of species formed during the anodic dissolution
of amorphous G15 and G16 alloys.

Figure 9 shows the binding energies obtained at
various depths by sputtering with argon for Ni and Co
and their related oxides and hydroxides formed on G15
and G16 amorphous alloys after maintaining the speci-
mens under a constant potential corresponding to the
main anodic current peak in solution A (£ ~ 0.25 V).

The surface spectra of G15 and G16 show the signals
corresponding to Ni,O3 at 856 eV, Co(OH), at 781 eV,
and CoO at 780 eV [23]. In addition, a low-intensity
signal of elemental Ni (2ps32) at 853 eV and elemental Co
(2p3/2) at 778 eV are observed on G15 and G16, respec-
tively. The depth spectra revealed only the presence of
the Ni 2p;, peak for the G15 alloy, while for the G16
alloy the signals corresponding to Ni,O; and Co(OH),
are observed until a depth of 2 nm. This suggests that the
surface layer formed on the Co-rich alloy G16 during the
anodic dissolution is thicker than that formed on the G15
alloy. The influence of the average thickness of the mixed
oxidized species layers on the dissolution processes of
hydrous Ni-Co hydroxide electrodes was reported earlier
[19]. Accordingly, the higher anodic currents observed
for G15 with respect to G16 in steady-state and EIS
measurements should be explained through the forma-
tion of a thin layer on the Ni-rich alloy.

The XPS spectra show the presence of silicon for the
studied alloys (Fig. 10). On the surface of both alloys it
is possible to observe a wide peak at a binding energy of
102-103 eV. These values indicate the presence of silicon
oxide and/or silicates whose formation in slightly alka-
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Fig. 9 Niand Co XPS spectra at different depths corresponding to
the alloys G15 and G16 in solution A

line electrolyte is probable. Furthermore, it was reported
that silicon oxides are the main constituent of the film
formed on amorphous alloys with a silicon content as
high as 12% [24].

On the other hand, a slight boron oxide signal at
192 eV was detected in the surface and at different depth
spectra for both alloys (Fig. 10). It is interesting to note
that a signal corresponding to elemental boron is not
detected in the surface spectra. Thus, probably the high
reactivity of amorphous boron permits the early forma-
tion of a boron oxide during the first oxidation steps of
the alloys, which remains occluded into the complex film.

It should be noted that the peak for C (not shown
here) due to adventitious carbon occurred at about
284.7+0.2 eV in all samples. Therefore, the incorpora-
tion of carbonates of cobalt and nickel into the anodic
products formed on amorphous alloys can be disre-
garded, in contrast to that reported elsewhere [17, 18, 25].

XPS spectra obtained in all employed solutions re-
vealed the same general features found in the case of
solution A. However, the thicknesses of the surface films
formed under identical conditions in more aggressive
solutions were found to be much larger.

Some oxides detected by XPS behave as semiconduc-
tors and/or dielectrics [26]. This fact agrees with the low
capacity values obtained from the EIS measurements.

Conclusions

Electrochemical studies combined with XPS techniques
carried out at different polarization potentials yield
valuable information about the electrochemical
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Fig. 10 Si and B XPS spectra at different depths corresponding to
the alloys G15 and G16 in solution A



behaviour of amorphous Ni-Co-metalloid alloys in
carbonate-bicarbonate buffers, and about the charac-
teristics of the surface species formed. The parameters
for the dissolution behaviour of amorphous Ni-Co
based alloys were determined as a function of the pH,
the ionic strength of the solution, and the alloy com-
position. The presence of cobalt in the glassy metals
leads to considerable lower dissolution rates. An en-
hancement of the corrosion processes with increasing
pH and ionic strength was found. Through XPS mea-
surements the composition of the surface film was de-
termined. Oxide-hydroxide species of the matrix
components are found. On the other hand, the thickness
of the surface film depends on the electrolyte aggres-
siveness.
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