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A hydrous oxide film can be grown on a Co50 Ni25 Sil5 B10 amorphous  alloy through the application of  
a periodic perturbing potential routine in alkaline solution. The optimal parameters of  the square 
wave potential signal are determined. The oxide film is a precursor of  a C o - N i  spinel as concluded 
from voltammetry,  i.r. spectroscopy, XPS and SEM micrography. The catalytic activity of  the oxide 
layer for the oxygen evolution reaction is demonstrated.  

1. Introduction 

In the previous ten years new materials for alkaline 
water electrolysis have been proposed, particularly as 
efficient anodes for the oxygen evolution reaction 
(o.e.r.). A number of mixed metal oxides appear very 
promising for that purpose [1-3], such as the NiCo204 
spinel which, in base solutions, exhibits a high activity 
for the o.e.r., a great resistance to corrosion and a low 
electrical resistivity [4, 5]. Furthermore, it was also 
observed that metallic glasses offer several interesting 
electrocatalytic properties which can be improved 
through either thermal, chemical or electrochemical 
treatments [6-13], producing the so-called electro- 
catalysts with an amorphous precursor [9]. For the 
latter the origin of the catalytic activity could be due 
either to the proper amorphous structure, or to the 
presence of a thin anodic layer on the metal, or to both 
contributions acting simultaneously. This important 
matter, however, is not yet definitely clarified. 

A Co-Ni amorphous alloy denoted as G16 
(CosoNi25SilsB~0) has been proposed as a good elec- 
trocatalyst for the o.e.r. [14, 15]. The kinetics and 
mechanism of this reaction in alkaline solution at 
different temperatures was studied by means of elec- 
trochemical impedance spectroscopy (EIS) [16]. Ne- 
vertheless, further improvement of the catalytic activ- 
ity of the Co-Ni amorphous alloy is required for its 
possible application to practical alkaline fuel cells and 
electrolysers. 

Recently, the formation of a hydrous oxide film at 
an amorphous Ni-Co alloy by potential cycling was 
reported [17]. Macroscopic growth of metal hydrous 

oxide films can also be produced in a reproducible and 
effective way by triangular potential cycling at low 
potential sweep rates [18, 19] or through the applica- 
tion of a repetitive square wave potential (RSWP) 
routine to both polycrystalline (pc) nickel and cobalt 
electrodes in alkaline solution [20-22]. It is attractive 
to apply the latter procedure directly to the G16 alloy 
in attempting to improve the electrocatalytic activity 
of this material for the o.e.r. 

The present paper describes the modification of the 
Co-Ni amorphous alloy G16 through the formation 
of a thin oxide layer by applying the RSWP technique 
in alkaline solution. The resulting oxide layer has been 
characterized by cyclic voltammetry, IR spectroscopy, 
XPS, and SEM. Exploratory electrochemical data of 
the modified G16 alloy for the o.e.r, are also reported. 

2. Experimental details 

The working electrodes (about 1 cm 2 average total 
geometric area) were made from the G16 glassy metal 
alloy (C050Ni25SilsB10) (Vakuumschmelze GmbH, 
Hanau), and consisted of ribbons of 50 #m thickness. 
Electrical contact was made at the end of the ribbon 
by pressing a copper wire, the entire contact being 
sealed with a Teflon ribbon. 

Runs were made at 30 °C in a conventional three 
electrode cell, using 1 M NaOH, prepared from analy- 
tical grade (p.a. Merck) reagent and fourfold distilled 
water. A large platinized platinum electrode and a 
reversible hydrogen electrode in the same solution 
were used as counter electrode and reference elec- 
trode, respectively. 

* This paper is dedicated to Professor Brian E. Conway on the 
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Prior to the experiments the working electrode sur- 
face was etched in 50% H2SO4 for a few seconds and 
repeatedly rinsed with fourfold distilled water. After- 
wards, reproducible initial voltammograms could be 
obtained in 1 M NaOH at 0.1Vs -~ between 0.05 and 
1.55V. 

The repetitive square wave potential (RSWP) treat- 
ment consisted of the application of a time-symmetric 
signal from Eu (0V ~< E u ~< 2.0V) to E~ 
( - 3 . 0 V  ~< El ~< 0V) at a frequency f 
(0.025 kHz ~< f ~< 5 kHz) during a time t 
(10s ~< t ~< 300s). The electrode surface was then 
stabilized by repetitive triangular potential cycling at 
0.1Vs -1 between 0.05 and 1.55V. 

The relative increase in the working electrode active 
surface area was evaluated from the ratio, R = Qa/ 
Qb,  where Qa and Qb a r e  the overall voltammetric 
charges after (a) and before (b) the RSWP treatment, 
respectively, measured at 0.1 V s ~ between 0.05 and 
1.55V. Occasionally, RSWP treated working elec- 
trodes were further treated at 380 °C for 2 h under a 
nitrogen atmosphere. 

A 750 Shimadzu spectrometer was used for the XPS 
analysis. Specimens were irradiated by MgK~ X-rays 
with a mean energy of 1253.6eV at low pressure, 
10 -6 Pa. The corresponding spectra were recorded for 
the O 1 s, Co 2p and Ni 2p binding energies. Unfor- 
tunately, the amount of boron could not be deter- 
mined properly because of i ts  low effective cross 
section. The XPS spectra were calibrated using the 
A g 3 d  5/2 mean peak at 368.2eV and taking the C ls 
spectra at 284.6 eV as reference. 

The composition ratio of the elements (1 and 2) in 
the film, as given by the n~/nz ratio, was estimated 
from the corresponding peak areas of the XPS spectra 
through the following equation: 

nl 22Szi162 
- ( 1 )  

n2 21SLI261 

where 6i is the photoelectronic cross section, 2i is the 
escape depth in nanometre for i = 1 or 2. The par- 
ameter 2~ is given by 2i = 641 E -2 + 0.096E/z; E is 
the kinetic energy,/~ is the intensity of the peaks, and 
Si is the sensitivity factor of the apparatus. The latter 
is related to the binding energy, Eb, through the fol- 
lowing expression S, = 0.67 + 3.3 × 10-4Eb . 

Conventional equipment was employed for i.r. 
spectroscopy, X-ray diffractometry, and SEM experi- 
ments. 

3 .  R e s u l t s  

3.1. Cycfic voltammetry 

The initial voltammogram at 0.1 V s-~ for G16 in 1 M 
NaOH after the chemical pretreatment in 50% H2 SO4 
(Fig. l a) shows poorly defined anodic-cathodic cur- 
rent peaks, but after approximately 10min cycling 
between 0.05 and 1.55 V the stabilized voltammogram 
(blank) is reached (Fig. 1 b). The latter exhibits defined 
anodic and cathodic peaks at about 1.3 V, and 1.2 V, 
respectively. 
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Fig. 1. Vol tammograms for a G16 sample run at 0 .1Vs  -~ in 1M 
NaOH,  30 °C. (a) First sweep and (b) successive profiles after the 
chemical treatment,  (c) stabilized profile after the RSWP treatment 
(E u = 1.0V, E I = - -1 .0V,  f = 0.6kHz, t = lmin) .  

After the RSWP treatment (Eu = 1.0V, 
E~ = - 1.0 V , f  = 0.6 kHz, t = 1 min), the stabilized 
voltammogram at 0.1 V s -1, obtained after a few cycles 
(Fig. lc), shows a broad pair of conjugated peaks in 
the same potential region as seen in the blank. In this 
case, the value of R is about 35 and the total vol- 
tammetric charge, Q, remains practically constant 
during potential cycling between 0.05 and 1.55 V (Fig. 
2). 

The irreversible voltammetrie behaviour of the 
oxidation-reduction cycles involving surface oxide 
species as seen through the corresponding peak poten- 
tial difference at different potential sweep rate, v, is 
enhanced for RSWP treated specimens (Fig. 3). This 
behaviour may be due to changes in the oxide surface 
composition. Both the anodic and the cathodic peak 
heights increase linearly with v for v ~< 0.1 V s- ~ and 
change linearly with v ~/2 for v ~> 0.1 Vs -~ (Fig. 4). At 
any v, however, the anodic to cathodic peak height 
ratio is close to about 1.5. 
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Fig. 2. Dependence of  the overall voltammetric charge, Q, for the 
stabilized electrode after the RSWP treatment (E u = 1.0V, 
E l = -- 1.0V, t = 1 min) on the duration of  the potential cycling, 
ts, between 0.05 and 1.55V at 0.1 Vs  -~, for different RSWP fre- 
quencies: ( + )  0.6, (A) 0.1 and (O) 1 kHz. 
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Fig. 3. Dependence of the anodic (Ea) and cathodic (E0) peak potentials on the potential sweep rate for untreated (o, [3) and RSWP treated 
(o, I )  (Eo = 1.0V, E~ = -- 1.0V, f = 0.6kHz, t = Imin) samples. 

The anodic to cathodic total voltammetric charge 
ratio, Ql/Q2, (Fig. 5) depends considerably on v below 
0.08 V s-l ,  a fact which has been attributed to either 
an oxide growth with time, or a partial contribution of 
o.e.r, to the total charge [11]. But, above 0.1 V s-l ,  the 
ratio Q1/Q2 approaches the ideally expected value of  
unity ( -  1). 

a threshold E 1 value close to - 0.8 V. These results are 
comparable to those reported earlier for pc Ni and Co 
[20-22]. In all cases, the value of El lies in the hyd- 
rogen evolution reaction (h.e.r.) potential range. 

For  RSWP treatment at Eu = 1.0 V, El = - 1.0 V 
and t = 1 rain the optimal frequency associated with 
the maximum R value is about 0.6 kHz (Fig. 8). 

3.2. Influence of the character&tics of the RSWP 3.3. Lr. analysis and X-ray diffractometry 

For  a symmetric RSWP (El = - -1 .0V,  f = 2 k H z  
and t = 1 min), the dependence of R on Eu presents a 
bell-shaped curve with a maximum at about  
Eu = 1.0V (Fig. 6). 

Runs made for preset values o f f ,  t and Eu, and E1 
changed stepwise show that the greatest value of R is 
reached at about  El = - 1.0 V (Fig. 7). There is also 
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Fig. 4. Dependence of the anodic (la) and cathodic (I¢) current 
peaks for untreated (o, n) and RSWP treated (o, I )  (E u = 1.0 V, 
E] = -1.0V, f = 0.6kHz, t = l min) samples on the potential 
sweep rate. 

Oxidized amorphous electrodes were prepared for 
infrared analysis by applying the RSWP treatment for 
E1 = - 1 . 0 V ,  Eu = 1.0V and f =  0.6kHz. The 
oxide powders were then removed, filtered and rinsed 
with fourfold distilled water. 

The 4000-400 cm-1 i.r. spectra of  the oxide sample 
exhibit a shoulder at 3640cm -1 which has been 
assigned to the asymmetric stretching fundamental 
mode of the 'free' hydroxyl group in Ni(OH)2 (Fig. 9). 
Bands at 2926, 1461, 1376, 1073, 537 and 432cm -1 
[23, 24] are also related to other vibrational modes of 
Ni(OH)2. The broad adsorption band at 3434cm -1 
and the peak at 1640 cm 1 are assigned to vibration 
modes of  adsorbed water [25]. The bands located at 
2926, 1461, 1376cm l, and particularly that at 
583cm -l, can be assigned to cobalt oxides and/or 

• hydroxides [23]. 
When the oxide powder is treated at 380 °C for 2 h, 

the i.r. spectra (Fig. 9) show main adsorption bands 
centred at 662 and 572cm l and a shoulder at 
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Fig. 5. Dependence of the QI/Q2 ratio for the RSWP treated 
(E u = 1.0V, E~ = - 1.0V,f = 0.6kHz, t = 1 min) sample on the 
potential sweep rate. 
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390 cm -1, which are specific for spinel structures [20, 
21, 24, 26]. 

The X-ray diffraction patterns of the RSWP treated 
G16 samples show few broad halos, which are par- 
ticular features for amorphous materials and also for 
microcrystalline systems, as confirmed for the latter 
by scanning tunnelling microscopy image [27]. After 
anodic galvanostatic polarization of a G 16 sample in 
alkaline solution, a nonhomogeneous surface layer 
was formed consisting of microcrystalline and amor- 
phous domains. The structure of the microcrystalline 
domains supports the formation of the Co-Ni spinel 
structure [27]. 

3.4. X - r a y  photoe lec tron  spectroscopy  data 

The spectra for Co 2p, Ni 2p and O ls levels corres- 
ponding to the XPS analysis of the bright side of the 
RSWP treated sample are presented in Fig. 10. The 
complete XPS data for G16 specimens after chemical 
etching (ChE) and RSWP treatment are given in Table 
1 in terms of binding energies (BE) for both the dull 
(D) and the bright (B) sides of the metal ribbon. The 
relative atomic ratios of the different elements at the 
surface layer are listed in Table 2. The accuracy of 
these results is within _+ 1 eV. The difference compared 
to some values reported in the literature can be attri- 
buted to insufficient charging correction of the 
experimental data using surface carbon or to the 
arnorphism of the samples. 

The 0 ls peak, located at 530 + 1 eV, is typical for 
transition metal oxides associated with metal-O spe- 
cies. Its slight shift to higher BE, i.e., 531 _ 1 eV, is 
specifically observed for hydrous oxides and M-OH 
species [28]. 

The Ni 2p 3/2 peak at about 856 eV is related to nickel 
oxides and suboxides, probably Ni(OH)2 and Ni203 

Fig. 8. D e p e n d e n c e  o f  R on f for E u = 1.0V, E I = - 1 . 0 V ,  
t = l m i n .  

[28-31]. The definite assignment of the Co 2p m peak 
to a particular species is not possible, as it results from 
the presence of Co203, CoOOH, CoO, Co(OH)z and 
Co304 [28-30]. Furthermore, for the case of alloys 
such as G 16, the BE of the corresponding components 
can be displaced _ 4 eV [32]. The values of the BE 
reported in Table 1 are also in agreement with those 
reported for NiCo204 prepared by thermal decom- 
position [33]. 

According to the data in Table 2, as both sides of 
the working electrode were subjected to the RSWP 
treatment, an average value for the Ni/Co ratio of 0.5 
would correspond to the overall active electrode sur- 
face. Likewise, from data of Tables 1 and 2 the 
average surface composition of the oxide layer formed 
on G16 after RSWP treatment, can be assigned to 
different cobalt and nickel hydroxides, such as 
[Ni(OH)2 • 2CoOOH • 6H20], [Ni(OH)2 - 2Co(OH) z • 
6H20], [3Ni(OH)2" 212COOOH • Co(OH)j • 18HzO], 
which can be considered as precursors of the NiCo2 04 
formation. 

3.5. O E R  polarizat ion curves 

The polarization curves for G16 samples in the o.e.r. 
potential range run at 10 -4 V s-l are shown in Fig. 11. 
The values of the current density are referred to the 
geometrical electrode area. It can be seen that at con- 
stant E in the potential range between 1.5 and 1.7 V, 
the anodic current density corresponding to the 
RSWP treated sample is always greater than that of 
the untreated amorphous electrode. At high positive 
potentials, there is no appreciable difference in the 
behaviour of both samples since the o.e.r, becomes 
mass transport controlled. 
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Fig. 7. Dependence  o f  R on E 1 for  E u = 1.0V, f = 2 k H z ,  
t = 1 min.  

4. Discussion 

The present results demonstrate that the application 
of the RSWP treatment to the G16 amorphous alloy 
in alkaline solution promotes the growth of a hydrous 
oxide film, which behaves as a precursor of a NiCo2 O4 
spinel. 

The voltammetric behaviour of the RSWP treated 
amorphous Co-Ni alloy is similar to that of the 
NiCo204 surface [4, 5, 33]. For freshly prepared 
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Fig. 9. I.r. spectra for the oxide powders  formed by RSWP treatment  (E u = 1.0V, E l = - 1.0V, f = 0.6kHz,  t = 1 min), before ( - - - )  
and after ( ) thermal  t reatment  at 380°C during 2h.  

NiCo204 electrodes, Rasiyah et al. [4] and Baren- 
drecht et al. [33] present voltammograms with two 
anodic peaks before oxygen evolution and, in the 
present case, the voltammogram run at 0.1 V s -1 
immediately after the RSWP treatment (Eu = 1.0V 
and E~ = - 1.0V, f = 2kHz), also exhibits two anodic 
peaks. According to [4], the peaks may correspond to 
the transitions: Co(t0 , C o ( I I I ) ,  Ni(n) 
Ni(m) and Ni(In) + Co(m) ) Ni(tv) + Co(Iv). 
These higher oxidation states of the metal components 
of the oxide film appear over a rather wide and high 
positive potential region (1.25V ~< E ~< 1.5V). On 
the other hand, Chartier et al. [5] present stabilized 
voltammograms for NiCo204 in the same potential 
region with only one anodic/cathodic current peak, 
attributed to the Ni(It)/Ni(nII) transition with the par- 
ticipation of Co(n0/Co(iv ) species. Barendrecht et al. 

[33] also obtain only one anodic-cathodic current 
peak after anodic polarization or potential cycling of 
thermally prepared NiCo 204 electrodes. 

For Ni-Co alloys the electrochemical formation of 
oxides was investigated by both cyclic voltammetry 
and ellipsometry [34]. The formation of a metastable 
NiCo204 spinel-type oxide by potential cycling was 
postulated; this decomposes after prolonged oxida- 
tion and further behaves as a Co304 electrode. 

In order to explain the high voltammetric reduction 
charge found for the amorphous alloy G16 as com- 
pared with other nickel-containing amorphous alloys, 
Kreysa et al. [14] have proposed the reduction of a 
NiCo204 spinel-type oxide previously formed by the 
simultaneous oxidation of cobalt and nickel. 

The question as to how a NiCo204 spinel precursor 
can be grown on a Co-Ni amorphous alloy through 
the application of the RSWP treatment will now be 

addressed. The processes occurring in each half cycle 
during the application of the RSWP to either pc Ni or 
pc Co electrodes were discussed elsewhere [20-22], and 
are relevant in explaining the present results. Thus, as 
the optimal Eu is about 1.0 V, the formation of metal 
hydroxides involving only the participation of Ni(n) 
and Co(II) species is favoured. Therefore, the mechan- 
ism of the overall process for growing hydrous oxide 
layers on Co-Ni amorphous alloys can be interpreted 
through the occurrence of two simultaneous reactions, 
one involving Ni species and the other Co species. 

For the G16 amorphous alloy, the optimal RSWP 
conditions are 0.7V ~< E u ~< 1.3V; - 1 . 0 V  ~< El ~< 
-- 0.9 V and 0.025 kHz <~ f ~< 2 kHz. These E u and E1 
potential limits related to the maximum value of R are 
similar to the optimal RSWP potential limits estab- 
lished for pc Ni [20]. For pc Co, the optimal Eu and El 
are located in the net h.e.r, and o.e.r, potential range, 
respectively. On the other hand, for the present case 
the value of the optimal frequency is close to that 
previously determined for RSWP treated pc Co [21]. 
All these facts may be explained taking into account 
that for CoNiB glasses it was reported that nickel is 
the slowly dissolving component [35]. Then, nickel 
accumulates on the surface, determining the optimal 
potential limits of the RSWP. However, the optimal 
frequency to form a spinel precursor is apparently 
fixed by the cobalt content, which develops oxide 
layers at lower frequency values than those corres- 
ponding to nickel. 

For pc Ni subjected to RSWP treatment, a mechan- 
ism was proposed which involves the growth of a 
hydrous nickel(n) hydroxide film during the anodic 
half-cycle [20], whereas for RSWP treated pc Co the 
formation of different Co species, namely, Co(OH)2, 
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Fig. 10. X-ray photoelectron spectra for Ni 2p, Co 2p and O 1 s levels, obtained for a RSWP treated sample (E u = 1.0 V, E I = - 1.0 V, 
f = 0 .6kHz,  t = lmin) .  
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Table 1. Binding energies (in eV) for differently treated G16 
samples 

Sample Ni 2p 3/z Co 2p 3/2 0 ls 

D/ChE 856.8 782.2 532.2 
B/ChE 856.8 782.1 532.3 
D/RSWP 856.9 781.9 532.4 
B/RSWP 857.3 782.2 532.8 

CoOOH, CoO2 was suggested [21, 22]. Furthermore, 
for pc Ni, as the E~ is located in the h.e.r, potential 
range, a local alkalinization is produced during the 
cathodic half-cycle assisting the formation of 
Ni(OH)2, but also producing nickel atoms which con- 
tribute to the advance in depth of the oxide layer [20]. 
For pc Co, the metal hydroxide species are partially 
reduced to Co(o) during the cathodic half-cycle and 
simultaneously a Co spinel precursor, that is 
[Co(OH)2 • 2CoOOH • 6H20], is developed [22]. 

For the present results, the formation ofa  NiCo204 
spinel on the RSWP treated amorphous alloy is also 
likely. The proposed structure involves the sub- 
stitution of Co(OH)2 by Ni(OH)2 in the precursor of 
the cobalt oxide spinel. Such an introduction of nickel 
ions in place of cobalt ions is possible because of the 
almost complete isomorphism of the crystal lattices of 
the cobalt and nickel hydroxides. Furthermore, from 
the atomic ratio of the components of the oxide layer 
derived from the XPS data, the most likely average 
surface composition also corresponds to [Ni(OH)2 • 
2CoOOH • 6H: O]. 

Assuming that a spinel oxide film is formed on the 
amorphous alloy after the RSWP treatment the 
average film thickness, L, can be estimated through 
the expression: L = QaM/Fd [36], where M is the 
molecular weight of the NiCo2 04 spinel, d is the esti- 
mated density of the film (d - 5.7gcm -3) and Q2 is 
the cathodic charge obtained from the voltammogram 
run at 0.1 V s- 1. The estimated average film thickness 
is about 45 nm, which can be compared with reported 
data [31] of 4nm for 'native' dry oxides on an amor- 
phous alloy taking into account that the RSWP treat- 
ment produces a highly hydrated oxide layer. 

For the o.e.r, the RSWP electroformed oxide layer 
gives, at constant potential, higher current densities 
than those of the untreated samples (Fig. 11). For a 
series of Ni-Co oxides of different composition, the 
maximum activity towards oxygen evolution, as well 
as oxygen reduction, was found for the 2Co • Ni com- 
position [37, 38]. This ratio corresponds to that of the 
NiCo204 spinel which was considered to be the pro- 
duct of substitution of nickel into the spinel oxide 

Table 2. Atomic ratios derived from XPS data 

Sample O/Co Ni/Co O/Ni 

D/ChE 9.55 0.32 29.8 
B/ChE 11.24 0.40 28.1 
D/RSWP 7.22 0.59 12.2 
B/RSWP 6.68 0.38 17.6 
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Fig. 11. Tafel plots derived from potentiodynamic runs at 
10-4V s -l, in 1 M NaOH 30 °C, for G16 electrodes; (0) untreated 
sample, R = 1; (e) RSWP treated sample (E u = 1.0V, 
E I = --1.0V, f =  0.6kHz, t = lmin), R = 30. 

Co 304. The maximum permissible amount of cobalt 
ions which can be substituted by nickel ions in order 
to maintain the spinel structure was found to be one- 
third [37]. The distribution of nickel, cobalt and 
oxygen in the NiCo204 lattice has been extensively 
discussed and different proposals were put forward 
[37, 39-42]. Though there is no general agreement, it 
is likely that the tetrahedral lattice sites are predomi- 
nantly occupied by Co 2+ ions and the octahedral ones 
by Ni 2+, Ni 3÷ and Co 3÷ ions [37, 39-42]. 

Summing up, hydrous oxide films can be grown on 
Co-Ni amorphous alloys in alkaline solution after the 
application of a periodic perturbing potential. The 
electroformed oxide film behaves as a precursor of a 
Co-Ni spinel as can be inferred from its chemical 
properties and electrochemical characteristics. The 
spinel-type structure of the film should be considered 
as largely responsible for the high catalytic activity of 
the oxide film for the o.e.r. 
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