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ABSTRACT 

The properties of hydrous oxide films, formed electrochemically at an amorphous Ni-Co based alloy by a potential cy- 
cling technique, have been investigated in alkaline solutions. The principal reaction occurring at these films is the oxida- 
tion/reduction of Ni/Co sites between oxidation states. The sweep rate dependence of this reaction for thin oxide films has 
demonstrated that it is reversible, while for thicker films, the reaction is diffusion-controlled, with the oxidation process 
being significantly more inhibited, at least initially, than the reduction reaction. The pH dependence of the principal elec- 
trochemical reaction is ca. 75-85 mV per pH unit, indicative of alkali metal involvement in the reaction, which occurs in 
order to preserve electroneutrality within the film. Tafel plots for the oxygen evolution reaction, at both oxide-free and ox- 
idized electrodes, have slopes of ca. 45 mV, similar to those observed at spinel and Ni oxide electrodes. At an oxide-free 
electrode, the hydrogen evolution reaction displays a 120-mV Tafel slope, while in the presence of an oxide film, the reac- 
tion is completely inhibited at overpotentials up to ca. 300 inV. At more negative potentials, the oxide film appears to be 
reducible, producing an active high-area electrode. 

In our previous paper (i), we described the growth be- 
havior of a hydrous oxide film on an amorphous alloy, 
composed principally of Ni (51 weight percent) and Co (23 
weight percent), in alkaline solutions. It was shown that, 
initially, the application of a moderately positive potential 
appeared to lead to the loss of an enriched, oxidized Cr 
layer from the "as-received" alloy surface. After its re- 
moval, a hydrous oxide film, exhibiting an electrochemical 
response similar to that of Ni oxide, could very readily be 
formed as a consequence of the application of a particular 
potential cycling regime (between ca. 1.5 and 0 V). With 
continuous cycling (I), a thick film could be developed at 
the alloy surface, as reflected by the magnitude of the oxi- 
dation/reduction peaks centered at ca. 1.35 V. It is of inter- 
est that, as the oxide film thickened, the rate of the hydro- 
gen evolution reaction (HER) appeared to diminish. 

Hydrous oxide films are known to have a number of very 
useful properties (2-12). Because of their high charge ca- 
pacity, and their generally rapid charge/discharge kinetics, 
they are of potential use as cathodes in secondary bat- 
teries. Also, oxides formed at metals such as Ru (7), Ir 
(4, 6), Co (8, ~), etc., are known to be superior electrocat- 
alysts for reactions such as chlorine and oxygen evolution 
(OER). The electrochromic properties of these oxides have 
been taken advantage of in display devices (10, 11), and re- 
cently, interest has arisen in the application of hydrous Ir 
oxides (12) as interneural stimulating electrodes. 

Therefore, it is of interest to determine the properties of 
hydrous oxide films formed at alloy electrodes, particu- 
larly if more than one electroactive metal is present, and to 
determine the effect of an amorphous substrate on the 
properties of hydrous oxides, viewed as being porous and 
amorphous in nature (6). In addition, it is important to ob- 
tain an understanding of the properties of the oxide film 
formed on these amorphous alloys from the point of view 
of the potential future use of these materials in aggressive 
environments.  This work provides insight into the proba- 
ble corrosion behavior of these materials in environments 
where a local alkaline pH may be encountered. 

Experimental 
The principal details of the electrochemical experiments 

and surface analysis techniques utilized in this study of 
amorphous Nis~Co23Cr10MoTFe~.sB3.~ ribbons have been 
provided in our previous paper (I). In the present work, IM 
NaOH solutions were utilized in all standard experiments, 
while less alkaline solutions were composed of NaOH and 
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NaC104 as the supporting electrolyte. The "as-received" 
and electrochemically oxidized alloys were also examined 
in borate-buffered (pH 8.5 to 9.6) NaCl-containing solu- 
tions. In addition to cyclic voltammetry,  potentiostatic 
methods were used to investigate the kinetics of the HER 
and the OER. The corrosion resistance of the amorphous 
alloy was determined both by slow-sweep cyclic voltam- 
metry and tracking of the open-circuit potential (OCP). 

Results and Discussion 
In terplay  between quan t i t y  of  oxide and  oxidat ion/  

reduct ion k ine t ics . - -The  first scan of potential in the range 
from the HER to the OER shows two anodic peaks and one 
small cathodic peak (Fig. 1, ), with the anodic charge 
greatly exceeding the cathodic one. By analogy to the elec- 
trochemical response of the elements composing this 
amorphous alloy, and from surface and solution analyses, 
it was shown (1) that Cr (and possibly Mo and B) are dis- 
solving from a surface-enriched region of the alloy in this 
potential range, primarily in the range of peak A1 (at ca. 
1.3 V). The second scan of potential (---) shows that peak A1 
is no longer present, and that a characteristic set of peaks, 
A~/C2, centered at ca. 1.35 V, have developed. 

Peaks A2/C2 are believed to reflect the occurrence of a 
redox process within a surface oxide film in which the oxi- 
dation state of the Ni (and Co) sites increases/decreases by 
one, similar to the Ni(II)/(III) transformation observed for 
Ni oxide at polycrystalline Ni electrodes (1). When the po- 
tential is scanned repetitively between an upper limit, E+, 
of ca. 1.5 V, in the range of the OER, and then negatively to 
a lower limit, E , of ca. 0 V, peaks A2/C2 increase in magni- 
tude, reflecting oxide film growth as a consequence of this 
potential cycling regime. The charge densities associated 
with peaks Az and Cz, determined after subtraction of the 
background current of  the OER, are very similar, i.e., Qa = 
Qo, at all sweep rates investigated. 

One very notable feature of the cyclic voltammetric (CV) 
response of the hydrous oxide film which forms at amor- 
phous Ni-Co alloys after several scans of potential, such as 
shown in Fig. 1, is the asymmetry in the shape of the 
anodic and cathodic peaks, AJC2, even when the hydrous 
oxide film is still very thin. Peak A2 can be seen to be sharp 
and narrow (peak width at half-height, w~2 = ca. 35 mV), 
while peak C2 is substantially broader (w~2 = ca. 100 mV) 
and has a lower peak current than A2. This is an indication 
that either the oxide has different proper t ies  in the re- 
duced vs. oxidized forms and/or that the anodic and ca- 
thodic reactions do not involve the same process. 

Another striking aspect of the CV behavior is the sweep 
rate (s) dependence of these two processes. Figure 2 shows 
an example of this for a relatively thin oxide film which 
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Fig. 1. Electrochemical response of 'as-received' Ni-Co alloy in 1M 
NaOH, cycles 1 to 7 from - 0 . 2  to 1.6 V; s = 100 mV/s (potential re- 
gion from - 0 . 2  to 0.9 V not shown in figure). 
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was formed to a charge enhancement  factor (CEF) of 18. 
The CEF value is calculated from the ratio of the charge 
density in peaks A2 (or C2) after some period of oxide 
growth, to that observed (ca .  one monolayer of oxide, 
0.15 mC/cm 2) in the first cycle of potential of an as-received 
ribbon sample (1). The CEF value can therefore be con- 
sidered as a reasonable estimate of the number  of mono- 
layers of active oxide material present (1, 7). Clearly, the 
anodic reaction is more kinetically hindered than the ca- 
thodic, as seen by the marked positive shift of the anodic 
peak with increasing sweep rate, while the cathodic peak 
shape and potential are essentially unchanged over the 
range of sweep rates indicated. This is demonstrated more 
clearly in Fig. 3, which shows that, at slow sweep rates, the 
anodic peak is located at a substantially more negative po- 
tential, although the peak shape difference is still retained. 
Figure 3 also shows that the positive shift of the anodic 
peak with sweep rate is greater the thicker the oxide film, 
while the cathodic peak is hardly affected by film 
thickness. 

Figure 4 demonstrates the dependence of the cathodic 
peak current density on sweep rate for oxide films of two 
different thicknesses. In these experiments,  the potential 
was held at E+ for 10 s before commencing the cathodic 
sweep to ensure that the film was completely oxidized 
prior to the reduction step and that only oxide reduction 
kinetics were being examined. It was not possible to accu- 
rately determine the sweep rate dependence of the peak 
current density for A2, due to its shift into the region of the 
OER with increasing sweep rate and the consequent  diffi- 
culties in baseline determination, particularly for thick 
oxide films. Figure 4 (left) indicates that thin films show a 
linear sweep rate dependence,  one of the important and 
unusual characteristics of many hydrous oxide films (3, 7), 
to higher sweep rates than do thicker oxide films (Fig. 4, 
right). In fact, at higher sweep rates, an s 1j2 dependence 
(Fig. 5), typical for mass transport-limited reactions, is seen. 

Strong Similarities exist between the results described 
above and those encountered with particular polymer- 
coated electrodes, for which electron injection/expulsion 
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Fig. 2. Dependence of CV response of hydrous Ni-Co oxide (CEF = 
18) on sweep rate. s = 5 ( - - ' - - ) ,  10 ( ' " ' ) ,  20 ( - - ) ,  and 50 ( ) 
mV/s. S = 0.18 mA/cm 2 for s = 5 and 10 mV/s, S = 0.35 mA/cm 2 for 
20 mV/s, andS = 0.7 mA/cm 2 for s = 50 mV/s. 

during reduction/oxidation is believed to occur by a site- 
to-site electron hopping mechanism, with associated ion 
transport to maintain electroneutrality within the polymer 
film (13-19). When the rate of charge transport through 
these polymer films is rapid relative to the perturbation 
rate (i .e. ,  sweep rate), the film oxidation/reduction process 
obeys the Nernst equation at all potentials, and a linear 
peak current/sweep rate relationship is obtained (14, 15, 
20-22). However, if either electron or ion transport is slow, 
then a diffusion-limited response is expected and a linear 
dependence on s 1/2 should be observed. This argument can 
be extended to the oxidation/reduction of the hydrous 
oxide films formed at these Ni-Co alloys, at which a reac- 
tion such as [1] can be suggested 

xOH- + Ni(II)Co(III)oxide ~ Ni(III)Co(IV)oxide + 2e 
[1] 
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Fig. 3. Dependence of A2 and C2 peak potentials on sweep rate. 
CEF = 8 (liE) and 97 (A). 
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Fig. 4. Dependence of peak current density of C2 on sweep rate for oxide films of (left) CEF = 8 and (right) CEF = 97. 

As will  be  shown  below,  x is not  necessar i ly  equal  to two 
(when cons ide r ing  two  meta l  sites, as in Eq.  [1]), in wh ich  
case, o ther  cha rge -compensa t ing  ions are r equ i red  in the  
overal l  reac t ion  (see below). 

In  re la t ion to the  above  analogy wi th  po lymer  films at 
th in  ox ide  films, charge  t ranspor t  is rapid  and a l inear  cur- 
ren t / sweep  rate re la t ionship  is observed,  whi le  for th icker  
ox ide  films, e i ther  e lec t ron-hopping  into or ion diffusion 
out  of  the  ox ide  film could  be  ra te- l imi t ing dur ing  ox ide  re- 
duct ion.  In  the  lat ter  case, the  di f fus ion coeff icient  of  t he  
rate l imi t ing  species,  D, can be de t e rmined  f rom the  s lope 
of  the  plot  in Fig. 5. The  semi- inf ini te  l inear  diffusion equa-  
t ion is the re fore  appl ied,  as fol lows 

ip = (2.69 • 105) n3J2Dll2Cs 112 [2] 

whe re  n is a s s u m e d  to be  1 [one e lec t ron  per  meta l  site, i.e., 
(Ni(III)/(IV) and/or  Co(III/IV) transi t ion] and C is the  con- 
cen t ra t ion  of  e lec t roac t ive  sites wi th in  the  film (mol/cm~). 
Here,  C can be  es t ima ted  f rom the  charge,  Q, measu red  in 
peak  C2 (or A2) in a s low sweep  exper iment ,  e.g., at 5 or 
10 mV/s, and  f rom the  film vo lume,  V, wh ich  can be ob- 
t a ined  as a p roduc t  of  t he  e lec t rode  area and the  film thick-  
ness, de t e rmined  f rom SEM examina t ions  (1, 7, 23). It  
should  be  no ted  tha t  Q is cons idered  to be an accura te  in- 
d icator  of  the  n u m b e r  of  react ing meta l  (Ni, Co) sites 
wi th in  the  film, as it is i n d e p e n d e n t  of  sweep  rate and as 
there  is no ev idence  for the  occur rence  of  any other  con- 
cur ren t  react ions.  Thus  

C = Q/ (nFV)  [3] 

Fo r  the  data  p lo t ted  in Fig. 5, where  Q is 5.5 x 10 -3 C and 
the  film th ickness  is ca. 90 nm,  D = 1.9 • 10 -l~ cm2/s. Al- 
t hough  there  are n u m e r o u s  approx ima t ions  invo lved  in 
this  calculat ion,  this  va lue  is ve ry  s imilar  to those  obta ined  
for mass - t ranspor t - l imi ted  charge  t ransfer  th rough  the 
po lymer -modi f i ed  e lec t rodes  re fer red  to above  (13-15, 18, 
19). This  lends  suppor t  bo th  to the  supposed  porous,  poly- 
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Fig. 5. Dependence of peak current density on s ~2 for data of Fig. 4, 
right. 
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mer- l ike  na tu re  of  these  ox ide  films as wel l  as to the  fact 
that  the  na tu re  of  t he  ox ide  film is d i f ferent  in the  r educed  
and oxid ized  forms (reaction [1]), as was sugges ted  origi- 
nal ly by the  m a r k e d  a s y m m e t r y  of  the  peaks  in Fig. 1. 

p H  D e p e n d e n c e  o f  o x i d e  r e a c t i o n . - - O n e  of the  previ-  
ously repor ted  character is t ics  of  hydrous  ox ide  films 
fo rmed  at e lec t rodes  such as Ir (23) is the i r  unusua l  pH de- 
p e n d e n c e  of  greater  than  60 mV/pH unit.  This  has been  ex- 
p la ined (23-26) as ind ica t ive  of  the  d i f ferent  acid/base  prop- 
erties of  the  ox id ized  and r educed  forms of  the  oxide,  wi th  
the  ox id ized  fo rm of the  meta l  sites wi th in  the  film be ing  
more  s t rongly c o m p l e x e d  by hyd rox ide  ions than  the  re- 
duced  form. The  overal l  c o n s e q u e n c e  of  this  is the  require-  
m e n t  for counter ions ,  i.e., Na § in N a O H  solutions,  to be in- 
vo lved  in the  reac t ion  in order  to main ta in  charge  
neutra l i ty  wi th in  the  ox ide  film. 

The  pH d e p e n d e n c e  of  the  hydrous  ox ide  film formed  in 
1M NaOH solut ions  at a m o r p h o u s  Ni-Co alloys was tes ted  
wi th  a re la t ively th in  ox ide  film by t ransfer r ing  the  elec- 
t rode  be tween  solut ions  of  di f ferent  pH  (be tween 12 and 
14) bu t  of  ident ica l  ionic s t rength.  F igure  6 demons t r a t e s  a 
series of  v o l t a m m o g r a m s  obta ined  in such  exper iments .  
Over  this range  of  pH, the  A2 peak  potent ia l  shifts nega- 
t ive ly  by 85-95 m V  per  pH  unit,  whi le  C2 moves  negat ive ly  
by only 70-80 mV. I f  the  potent ia ls  of  peaks  A2, C2, and tha t  
m i d w a y  be tween  A2 and C2 are p lo t ted  vs. pH (Fig. 7), an 
overal l  75-85 m V  pH d e p e n d e n c e  is obtained.  

A 90-mV pH d e p e n d e n c e  is equ iva l en t  to a 3:2 ratio of  
hyd rox ide  ions (in a lkal ine solutions) to electrons,  i.e., 
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Fig. 6. CVs at 10 mV/s for oxide film formed by 60 min of potential 
cycling in 1M NaOH in solutions of pH 14 (a), 13.5 (b), 13 (c), 12.5 
(d), and 12 (e). 
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Fig. 7. Plot of potential of peak A2 (El), C2 (~]), and midway between 
these ( x )  v s .  pH; data taken from Fig. 6. 

when two electrons are removed from the oxide film dur- 
ing oxidation, three hydroxide ions are injected. This pro- 
cess alone would result in a negatively charged film, and 
therefore, one Na + ion per three OH ions must also be in- 
corporated during oxidation, i.e. 

2[M(OH)2 �9 nH~O) + Na + + 3 OH- 

<--> M2(OH)~ �9 n H 2 0  �9 N a  + + 2e -  [4] 

The inferred i n v o l v e m e n t  of  Na § ions in the  ox ide  react ion 
is s t rongly  suppor t ed  by the  X P S  de te rmina t ion  of  the  
compos i t i on  of  a typical  ox ide  film, r e m o v e d  from the  so- 
lu t ion at E§ w h e n  it  wou ld  be a s sumed  to conta in  Na + ions 
(reaction [4]). In  addi t ion  to the  expec t ed  p resence  of  Ni, 
Co, Cr, Mo, and O (1), Fig. 8 shows substant ia l  levels  of Na 
th roughou t  the  ox ide  film. A l though  it cannot  be ru led  out  
that  the  Na is p resen t  s imply  in the  fo rm of excess  electro- 
lyte in the  ox ide  film, it is l ikely  that  loosely bound  solu- 
t ion w o u l d  be  lost  in t he  h igh  v a c u u m  condi t ions  of  the  in- 
s t rument .  

The  p resence  of  Na in the  film is cons is ten t  wi th  the  
ident i f icat ion of  Li  as a c o m p o n e n t  of the  oxid ized  form of 
Ir ox ide  films in LiOH solut ions,  as de t e rmined  by the  
chemica l  ex t rac t ion  of the  ionic con ten t  of the  ox ide  film 
and its analysis  by a tomic  spec t roscopic  me thods  (27), 
whi le  no Li  was found  in the  r educed  form. In  addit ion,  
there  have  been  a n u m b e r  of  reports  of  the  p resence  of  al- 
kali meta l  ions in the  oxid ized  form of Ni ox ide  films in 
ba t te ry  s tudies  (28). Also, the  fact that  Na is p resen t  in the 
oxid ized  form of the  ox ide  (and its dep le t ion  after reduc-  
tion, as impl i ed  f rom the  observed  pH d e p e n d e n c e  in 
Fig. 7) is cons i s ten t  wi th  the  apparen t  d i f ference in the  na- 
ture  of  the  oxid ized  and reduced  forms of  the  oxide,  as 
seen by thei r  d i f ferent  e lec t rochemica l  behav ior  (Fig. 1 
and 2). The  in jec t ion / removal  of  hyd rox ide  and sod ium 
ions dur ing  ox ida t ion / reduc t ion  could  be the  diffusion- 
l imi ted process  obse rved  for th ick  ox ide  films (Fig. 5). 
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Fig. 8. XPS depth profile of No ( •  and 0 (0 )  in oxide film (CEF = 
70) formed in IM NaOH solution. Sputtering rote of film not known. 
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Fig. 9. Tofel plots for OER at (a) as-received alloy electrode and (b) 
oxidized alloy (CEF = 100). 

There are several other interesting and possibly signifi- 
cant aspects to the data shown in Fig. 6 and 7. First, the 
buffering and supporting electrolyte have introduced 
other ions into the solution, which may also be involved in 
the charge compensation processes during oxidation/ 
reduction of the oxide film, perhaps leading to a pH de- 
pendence of less than 90 inV. This may be the cause for the 
fact that at pH 12 (Fig. 6), the anodic and cathodic peaks 
are more symmetrical than at higher pH. Recalling the im- 
pact of film thickness and sweep rate on the potential of 
the anodic peak from Fig. I, it is possible that changes in 
the solution composition could affect the degree of hydra- 
tion of the oxide and hence its thickness, even for a con- 
stant charge density. Therefore, even though the CVs were 
recorded at the relatively slow sweep rate of i0 mV/s in 
Fig. 6, the above factors may introduce complications 
which cannot be controlled or fully accounted for. 

O x y g e n  evo lu t ion  a t  h y d r o u s  Ni-Co o x i d e  f i l m s . - - T h e  
rate of  the  O E R  at hyd rous  oxide-coa ted  alloy e lec t rodes  
was de t e rmined  at cons tan t  potent ia l  in the  range  of  1.45 to 
1.6 V, and c o m p a r e d  to that  obse rved  at the  as-received 
alloy surface  and wi th  data  in the  l i tera ture  for Ni, Co, and 
var ious  spinel  ox ide  electrodes.  F igure  9 shows that  the  
Tafel  s lope of  the  OER at the  hydrous  Ni-Co oxide  elec- 
t rode  is ca. 45 mV, as was also the  case at the  fresh elec- 
t rode  surface. At  potent ia ls  greater  than  1.6 V, a different  
s lope develops ,  wh ich  is l ikely to be related to the onse t  of  
diffusion control.  

A 40-mV Tafel  s lope has been  repor ted  prev ious ly  for the  
OER at po lycrys ta l l ine  Ni (29-31), whi le  60 mV slopes are 
also some t imes  obse rved  (8, 30). At  hydrous  Co ox ide  sur- 
faces, Tafel  s lopes of ca. 50-60 m V  have  been  repor ted  (8), 
whi le  NiCo204 spinels  appear  to yield s lopes of  closer  to 
40 mV (30), sugges ted  to reflect  (32) oxygen  evolu t ion  via  
the  decompos i t i on  of  a M(IV) ox ide  to the  M(II) form, 
whe re  M is e i ther  Co or  Ni. Therefore ,  the  45 mV slopes 
shown in Fig. 9 indicate that the surface is behaving more 
like a Ni oxide or a spinel oxide electrode surface, rather 
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Fig. 10. Tafel plots for HER at (a) as-received Ni-Co amorphous alloy 
and (b) electrochemically formed oxide. 

than  l ike ox id ized  Co. This  is cons i s ten t  wi th  the  absence  
of  o ther  e l ec t rochemica l  ev idence  for Co ox ide  in this 
w o r k  (1). 

I t  shou ld  be  no ted  (a l though this is not  shown in Fig. 9) 
that  the  O E R  currents  are roughly  in p ropor t ion  to the  film 
th ickness ,  as gauged  f rom the  charge  dens i ty  in the  A2/C2 
peaks  and the  obse rved  re la t ionship  (1) be tween  charge  
dens i ty  and dry  film th ickness ,  de t e rmined  by SEM exam-  
inat ion.  Therefore ,  ve ry  h igh  cur ren t  densi t ies  can be  
ach ieved  for the  OER, bo th  for this reason  and due  to the  
low Tafel  slope. Also,  the  ox ide  film was found to be  chem-  
ical ly and phys ica l ly  stable, r ema in ing  in tac t  on the  elec- 
t rode  surface  t h r o u g h o u t  the  O E R  exper iments ,  and ex- 
h ib i t ing  no loss of  activity.  

The H E R  at ox id i zed  amorphous  Ni-Co alloy 
electrodes.--One of  the  p r o n o u n c e d  effects of  potent ia l  cy- 
cl ing of  a f resh alloy e lec t rode  is the  decrease  in the  rate of  
the  H E R  wi th  surface  oxidat ion.  To e x a m i n e  this more  
closely,  a Tafel  plot  for the  H E R  at an as-received alloy, 
wh ich  had n e v e r  been  sub jec ted  to posi t ive  potent ia ls  in 
alkal ine solut ions,  is shown  in Fig. 10. A Tafel  s lope of  ca. 
120 m V / d e c a d e  of  cur ren t  dens i ty  is seen  in the  potent ia l  
range  of  0 to -0 .45 V vs. RHE.  This  va lue  is ve ry  close to 
p rev ious ly  r epor t ed  s lopes  at s imilar  alloy and related 
meta l  surfaces  in a lkal ine solut ions  (33-36), and indicates  
that  the  first e lec t ron  t ransfer  step is ra te-determining.  Ex-  
t rapola t ion  of  the  plot  to 0.0 V gives an exchange  cur ren t  
dens i ty  of  2.5 • 10 ~ A / c m  2, comparab l e  to that  at elec- 
t rodes  such  as Ni58Co20Si10B12 (33). 

The  Tafel  p lot  for the  H E R  at an oxid ized  amorphous  
Ni-Co alloy is ra ther  unusua l  (Fig. 10, curve  b), in that  three  
Tafel  regions  are observed .  At  overpotent ia l s  less than  
150 mV, a s teady-sta te  cur ren t  dens i ty  of  ca. 
1.7 • 10 -6 A/cm ~ is observed ,  whi le  at h igher  overpoten-  
tials, a s lope of  120 m V  is seen, as at the  original  alloy sur- 
face. When  the  potent ia l  was e x t e n d e d  to ca. -300 mV, the  
cur ren t  dens i ty  began  to increase  con t inuous ly  wi th  t ime  
at each  potent ia l ,  and  a s teady-state  read ing  could  not  be 
obtained.  Eventua l ly ,  cur ren t  densi t ies  greater  than  those  
at the  fresh e lec t rode  surface  were  obse rved  at these  po- 
tentials.  

I t  appears  tha t  at low overpotent ia ls ,  the  ox ide  film func- 
t ions as a barr ier  to the  HER,  pe rmi t t ing  only a low-rate, 
d i f fus ion-cont ro l led  reac t ion  to occur,  pe rhaps  at pores  in 
the  film. This  could  be  v i ewed  as an advan tage  in t e rms  of  
the  cor ros ion  res i s tance  of  these  alloys in alkal ine solu- 
t ions,  in that  t he  ca thodic  react ion wou ld  be  severe ly  ham-  
pered,  bu t  it is c lear ly  a d i sadvan tage  in t e rms  of  the  elec- 
t rocata lys is  of  the  HER.  Once  the  overpoten t ia l  exceeds  a 
crit ical  value,  the  first e lec t ron  t ransfer  step is again rate- 
de te rmin ing ,  a l though  the  rate  of  the  react ions  is still 
m u c h  less than  that  at the  f resh al loy surface. At  still 
h igher  overpotent ia ls ,  the  con t inuous  increase  in the  H E R  

Table I. Open-circuit potentials in chloride-containing solutions. 

Electrode condition E (V) vs. SCE 

Polycrystalline Ni -0.55 
(as received) 
Ni-Co alloy 
As received 0.11 

Oxidized in 1M NaOH 
after 2 scans 0.03 
550/~ oxide +0.17 

1300 A oxide +0.45 
1600 A oxide +0.52 
6000 A oxide +0.55 

currents  wi th  t ime  indica tes  that  some  form of oxide  re- 
duc t ion  and/or  b r e a k d o w n  is occurr ing.  Indeed ,  after t ime  
spent  in this reg ion  of  the  Tafel  plot, the  n e x t  comple te  
anodic  scan shows  re la t ively  large currents  due  to the  Ni to 
Ni(II) ox ide  (and Co to Co(II) oxide)  convers ion  process,  
ind ica t ing  that  s o m e  reduc t ion  of  ox ide  p robab ly  occur red  
at nega t ive  potent ials ,  fo rming  an active,  high-area elec- 
t rode  surface.  

Behavior  o f  ox id i zed  amorphous  alloy in chloride solu- 
t ions . - -Prel iminary  e x p e r i m e n t s  in near-neut ra l  chlor ide  
solut ions have  focused  on the  res is tance  to ox ida t ion  of  
the  a m o r p h o u s  Ni-Co alloy, both  in the  as-received and 
pre-oxidized  state, and invo lved  s imply  the  moni to r ing  of  
the  OCP of  the  samples ,  wh ich  reached  s teady-state  va lues  
after a few minu tes  of  i m m e r s i o n  in the  solution.  Table  I 
(37) shows the  m e a s u r e d  OCP as a func t ion  of  the  thick- 
ness  of  the  ox ide  film, fo rmed  by potent ia l  cycl ing in alka- 
l ine solut ions (Fig. 1). It  can  be  seen that  the  th icker  the  
ox ide  film, the  h igher  the  OCP. 

I t  has been  p rev ious ly  r epor t ed  (38-42) that  the  addi t ion  
of  Cr and/or  the  p resence  of  bo th  Cr and Mo in amorphous  
alloys is par t icular ly  ef fec t ive  in enhanc ing  the  corros ion 
res is tance  of  these  alloys. However ,  the  resul ts  of  Table  I 
show that, u n d e r  OCP condi t ions ,  the  hydrous  Ni-Co 
ox ide  films, f rom which  Cr and Mo have  been  depleted,  are 
more  "nob l e "  in charac te r  than  the  as-received Cr-en- 
r iched  alloy surface. The  hydrous  ox ide  film m a y  be a bet- 
ter  barr ier  to chlor ide  ions than  is the  th in  Cr oxide  film on 
the  original  surface.  

F igure  11 shows the  s low sweep  CVs for both  an as- 
rece ived  and a hydrous  ox ide -covered  alloy e lec t rode  in 
ca. 10-2M chlor ide  solut ion (pH 9.6). Both  of  these  CVs 
show the  hysteres is  typical  of  a p i t t ing process.  Also, a gel- 
l ike p roduc t  could  be  obse rved  near  the  e lec t rode  surface 
in both  cases, ref lect ing the  fo rmat ion  of  soluble  meta l  
ox ide  species.  

The  pi t t ing potent ia l  (Ep) observed  for the  hydrous  oxide  
coated  spec imen  is ca. 300 m V  more  posi t ive  than  that  of  
the  unox id ized  sample.  However ,  bo th  display a s imilar  
hea l ing  potent ia l  (Eh) in the  nega t ive-going  scan. These  re- 
sults imply  that  the  e l ec t rochemica l ly  fo rmed  oxide  film 
serves  as a barr ier  to chlor ide  ions only at re la t ively low 
potentials .  Once  a cri t ical  potent ia l  is exceeded ,  it is rea- 
sonable  to sugges t  that  bo th  h y d r o x i d e  and chlor ide  ions 
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Fig. 11. CVs of as-received ( ) and electrochemically oxidized 
(CEF = 85) alloy (---) in pH 9.6 solution with 2 • 10 2M NaCI; s = 
2 mV/s. 
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may be injected into the film during oxidation, the chlo- 
ride ions possibly being involved in charge compensation 
due to the low concentration of hydroxide in this solution 
and also being drawn into the oxide by the positive elec- 
trode potential. The presence of chloride inside the oxide 
film at positive potentials is then expected to cause metal 
dissolution. 

Reactions [5] and [6] may represent two possible pro- 
cesses (of a range of feasible reactions) which may be in- 
volved in the oxidation/reduction of the Ni/Co hydrous 
oxide in these chloride-containing solutions 

M(II)oxide �9 nH20 + 2C1 + Na § 

~-~ M(III)oxide �9 nH20 - 2C1- �9 Na + + e- [5] 

2[M(OH)2 �9 nH20] + 2C1 + Na + + OH- 

M2(OH)~ �9 2C1- - Na ~ - nil20 + 2e [6] 

The Ep and Eh values obtained with the hydrous oxide- 
coated specimens were reproducible in the subsequent po- 
tential scans. This may suggest that chloride ions are ex- 
pelled from the oxide film during reduction in the cathodic 
scan, and reinserted in the subsequent  anodic sweep, con- 
sistent with the proposed nature of the reaction of these 
hydrous oxide films. 

It is noteworthy to recall that, during the HER study, the 
hydrous oxide film inhibited the HER at relatively low 
overpotentiats, but that once a critical overpotential was 
reached, it no longer served as a barrier to this reaction. 
This is analogous to the situation in the presence of chlo- 
ride ions since, in both cases, both ion and solvent injec- 
t ion/expulsion are involved during the reaction, and 
critical potentials are required to initiate the reaction. 

Summary 
The electrochemical response of hydrous oxide films, 

formed at a Ni-Co amorphous alloy by potential cycling, is 
characterized in cyclic voltammetric experiments by a sin- 
gle pair of peaks, centered at ca. 1.35 V. The anodic reac- 
tion is clearly more inhibited than the cathodic one, with 
the peak moving positively into the range of the OER with 
increasing sweep rate. The cathodic peak does not alter its 
position or shape significantly with sweep rate, and for 
thin oxide films, the reaction is kinetically reversible to rel- 
atively high sweep rates. Thicker films demonstrate diffu- 
sion-controlled kinetics, even at low sweep rates, similar to 
the behavior of other hydrous oxide materials and many 
polymer-modified electrodes, in which ion/solvent injec- 
tion and expulsion processes are known to occur during 
the electrochemical reactions. This involvement  of solu- 
tion ions is consistent with the 75-80 mV pH dependence 
observed in this work, indicative of alkali metal injection 
during the oxidation step. It is probable that water also en- 
ters the oxide film during this process, so that the film can 
be viewed as swollen in the oxidized state and more com- 
pact after reduction. 

The impact  of the presence of the hydrous oxide film on 
the hydrogen and oxygen evolution reactions, as well as 
the resistance to chloride ions, was also investigated. The 
mechanism of the OER at bare and hydrous oxide-covered 
alloy electrodes appears to be the same (Tafel slope of 
45 mV), although the rate of the reaction increases approx- 
imately in proportion to the amount  of oxide film present. 
In contrast, the HER is greatly inhibited by the presence of 
the oxide film at low overpotentials, but at more negative 
potentials, the film appears to become reduced, resulting 
in the formation of a high-surface-area electrode. The 
oxide films also appear to protect the underlying metal 
from the effect of chloride ions, as seen by the substantial 
positive shift of the characteristic pitting potentials. 
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