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The characteristics of  hydrous nickel oxide layers formed by the application of  a fast periodic square- 
wave potential routine to a polycrystalline nickel electrode in alkaline solutions of  different compo- 
sition have been studied. The charging/discharging properties of  the electroformed oxide layers 
were derived from voltammetry.  Infrared spectroscopy data indicated that the nickel oxide layers 
resulting from vacuum drying at 100 ~ consisted of  a mixture of  Ni(ii) and Ni(iii) oxides, the 
Ni(II)/Ni(III) ratio depending on the characteristics of  the potential routine. X-ray analysis data and 
SEM micrographs showed the amorphous  nature of  the thick hydrous nickel hydroxide films 
produced by the above mentioned procedure. A correlation between the properties of  the nickel oxide 
layers and their electrochemical response in alkaline solution has been advanced. 

1. Introduction 

A number of procedures have been established for the 
preparation of metal oxide electrodes with outstand- 
ing electrocatalytic properties [1-6], particularly in 
relation to their reversible behaviour and charge 
storage capacity. One of these procedures is based 
upon the application of a well-defined periodic poten- 
tial routine to a metal electrode in an aqueous electro- 
lyte solution covering a potential range in which 
different oxidation states of the metal [4] are involved. 
Metal oxide layers produced either in acid or alkaline 
solution by using a periodic potential routine are 
generally better described as hydrous metal oxide 
layers [2-4] involving a much complex structure 
than that of simple metal oxide electrodes [3, 5]. Thick 
cobalt oxide electrodes were produced in this way by 
applying a repetitive square-wave potential (SWP) 
routine to a piece of cobalt immersed in alkaline solu- 
tion [6]. These hydrous cobalt oxide electrodes can be 
considered as precursors of high surface area Co304 
spinel electrodes which exhibit a high electrocatalytic 
activity for the oxygen evolution reaction (OER) in 
alkaline solution [6-8]. 

The electrochemical properties of hydrous metal 
oxide electrodes are known to depend on the potential 
routine used in the preparation procedure, the solu- 
tion composition, the stirring condition and temper- 
ature [3-8]. From the practical .standpoint, the 
stability of this type of electrode, either under open 
circuit or applied potential conditions, is extremely 
important. 

A renewed interest in the preparation of nickel 
hydroxide electrodes with either a high charge storag~ 
capacity or high electrocatalytic activity has been 

recently manifested [9]. It has focused mainly on their 
use in batteries, such as Ni-Cd, Ni-Fe,  Ni-Zn, 
Ni-H2, and Ni-metal hydride batteries [10-12], 
microelectrochemical devices [13], photoelectro- 
chemical cells [14], organic electrosynthesis [15] and 
water electrolysis [16]. The performance of conven- 
tionally prepared nickel hydroxide electrodes is 
largely disturbed by side reactions such as the con- 
version reactions of c~-Ni(OH)2 into/3-Ni(OH)2, and 
that of the/3-NiOOH into "~-NiOOH [17-20], yielding 
products of lower charge storage capacity. These facts 
make it interesting to attempt to evaluate to what 
extent these detrimental processes will also appear at 
those hydrous nickel oxide electrodes prepared by  
means of the potential cycling technique [5]. 

Following preceding investigations [19, 20], this 
work provides a phenomenological approach to the 
stability and electrocatalytic activity of hydrous nickel 
oxide electrodes formed in alkaline solution by using a 
SWP routine, with special attention being paid to the 
characteristics of the periodic potential routine, the 
solution composition, and temperature. 

2. Experimental details 

Runs were made in a conventional Pyrex glass electro- 
chemical cell with a nickel working electrode (WE), a 
large surface area platinum as counter electrode, and a 
reversible hydrogen electrode (RHE) as reference. 
Potentials in the text are given on the RHE scale. 
Each WE was made from a nickel wire 
0.15-0.35cm 2 in geometric area (Johnson Matthey 
Chem. specpure quality), which was cleaned in 
1:1 I-IzSO 4 :H20 solution, repeatedly rinsed with 
triply distilled water, then immersed in aqueous 
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X M NaOH (x = 0.1, 1 and 3), and finally subjected 
to a potential cycling at 0.1Vs -1 between 0.05 and 
1.55V for 15min. 

Symmetric and asymmetric SWP routines were 
applied to the WE by adequately changing the upper 
(Eu) and lower (El) potential limits, the frequency 
( f ) ,  the half-period for the upper (~-u) and the lower 
(~-1) potential limit, and the SWP duration (t) in order 
to grow nickel oxide layers of different thicknesses. To 
determine the optimal conditions for producing the 
most efficient growth of the nickel oxide layer, the 
SWP routine characteristics were varied in the follow- 
ing ranges: -2.0 V ~< E 1 ~< - 0.40 V; 0.40 V ~< Eu ~< 
2.0V; 0.1kHz ~ f  ~< 3kHz, and 0.3 ~< ~-u/~-i ~< 2.3. 
Runs were performed in the range 0 to 90 ~ Further 
details about the application of this technique have 
been given elsewhere [4, 5]. 

Each electrochemical run comprised the formation 
of the nickel oxide electrode by the application of 
the SWP to the WE immersed in aqueous NaOH. 
The WE was then subjected to an oxidation-reduc- 
tion cycling (ORC) between 0.05 and 1.55V at 
0.1Vs -1 for about 15min to attain a stabilized 
voltammogram. The relative increase (R) in the Ni(III) 
voltammetric electroreduction charge (Qr) was 
evaluated from the following ratio: 

R -  (Qr)a (1) 
(Qr)b 

where (Qr)b and (Qr)a denote the Ni(m) voltammetric 
electroreduction charge before and after the SWP 
treatment, respectively, as estimated from the 
stabilized voltammogram. 

Assuming that the nickel oxide layer was homo- 
geneously distributed over the entire substrate, the 
value of (L), the average film thickness, was estimated 
from the ratio 

qrM 
(L)-  F5 (2) 

where qr is the apparent electroreduction charge 
density referred to the WE geometric area, and M 
and 5 are the molecular weight, and the average speci- 
fic gravity of the oxide layer, respectively. Thus, 
considering that the a-Ni(OH)z.2/3H20 stoichio- 
metry is applicable to the oxide layer produced by 
the SWP treatment, and 5 = 2.5 g cm -3 [21], it follows 
that 

( L )  ---- 4 . 3 3  qr  (3 )  

where qr is expressed in mC cm 2 and (L) in rim. 

Fig. 1. Vol tammograms  run  at 0 . 1Vs  1 in 1M N a O H ,  30~ (a) 
untreated polycrystalline nickel W E  (blank)�9 (b) The same electrode 
after a 30 s SWP treatment  (El = - 1 . 0 V ,  Ea = 1 . 0 V , f  = 2kHz.  (c) 
Vol t ammograms  run  immediately after a 30s SWP treatment  
(E l = - 1 . 2 V ,  E u = 1.0V, f = 2 k H z )  followed by a potential 
holding at 1.6V for tp: ( . . . .  ) 0s; ( . . . . . .  ) 15s, ( . . . .  )30s, 
( . . . .  ) 45s, ( -  �9 - )  60s, ( ) 150s. (d) Vo l t ammograms  run  
immediately after a 30 s SWP treatment  (/71 = - 1.2 V, E u = 1.0 V, 
f =  2kHz)  followed by one O R C  until 1.7V ( ), a second 
O R C  until 1.6 V ( - - - - ) ,  and one O R C  after a 50 s potential holding 
at 0 V ( -  �9 - ) .  
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Electrochemical data were complemented with 
X-ray diffractometry, infrared spectroscopy, and 
scanning electron microscopy data. 

3. Results 

3.1. Voltammetricdata 

A typical vo l tammogram of polycrystalline nickel in 
aqueous 1 M N a O H  at 30~ run at 0.1 Vs  -1 (blank) 
(Fig. l(a)) shows a pair of  peaks in the range 1.3- 
1.5V just preceding the OER potential range. This 
pair of  peaks is related to the Ni(n)/Ni(in) redox 
reactions at the nickel oxide layer. A similar run 
made after the application of the SWP for 
E 1 = - I . 0 V ,  Eu = I . 0 V ,  f = 2 . 0 k H z  and t = 3 0 s ,  
resulted in a vo l tammogram (Fig. 1 (b)) comprising a 
charge greater by a factor of  about  150 than that of  
the blank, and a broader conjugated pair of  current 
peaks. 

The voltammetric charge increases with n, the num- 
ber of  potential sweeps up to a certain value n = ns. 
Afterwards, it is almost constant. The value of n s 
depends on the amount  of  oxide layer formed on the 
WE, as well as on the potential sweep characteristics. 
By holding the potential at Ep = 1.6V for t =  tp 
(0s  ~< tp ~< 150s) after the SWP treatment, an 
increase in the voltammetric charge which depends 
on both Ep and tp can be observed (Fig. l(c)). This 
increase can be related to the rather low rate of con- 
version from Ni00 into Ni(m) in the active material, 
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Fig. 2. Dependence of qr and R on E u. (a) 0.1 M NaOH; E 1 = - 1.3 V, 
f = 1.66kHz; t = 60s. (b) 1M NaOH; El = -1.2V, f = 2.0kHz; 
t=30s. (c) 3M NaOH; EI=- I .0V , f=2.0kHz; t=5s.  
T = 30 ~ 

as has been described for chemically precipitated 
Ni(OH)2 in the same solution [21, 22]. In contrast, 
the voltammetric response of the nickel oxide layers 
after a potential holding at 0 V shows a large increase 
in the electro-oxidation voltammetric charge as com- 
pared to that resulting from the previous potential 
sweep in the positive direction (Fig. l(d)). According 
to these results, the conversion from Ni(iii) into 
Ni(ii) should also be considered as a rather slow 
process. 

In conclusion, the general electrochemical 
behaviour of  the nickel oxide layer produced by the 
SWP treatment is somewhat similar to that of  
chemically prepared thick nickel oxide layers used 
for batteries [10-12, 22-27]. 

3.2. The dependence of qr and R on the SWP 
characteristics 

The optimal SWP characteristics for producing thick 
hydrous nickel oxide layers depend on the N a O H  con- 
centration in the solution. The qr against E u plot 
resulting f rom the following preparat ion conditions, 
- 1 . 0 V ~ < E  1~< - 1 . 3 V  and 1 . 6 k H z ~ < f ~ < 2 k H z  
(Fig. 2), exhibits a single maximum charge density 
value (qrM) in the range 1.0V ~< Eu ~< 1.2V for 
aqueous 3 M N a O H  (Fig. 2(c)), and two charge density 
maxima (qrM1 and q r M 2 )  in the range 
1 .0V~<E u~< 1.1V and 1 .6V~<E u~< 1.TV, respec- 
tively, for both aqueous 0.1 M and 1 M N a O H  (Fig. 
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2(a) and  (b)). The fol lowing o rde r  o f  the qrM values 

can be establ ished:  qrM (3M N a O H ) >  qrM1 (1M 

N a O H )  > qrgl  (0,1 M N a O H )  and  (qrM1/qrM2) (1M 
N a O H )  > (qrM1/qrM2) (0.1 M N a O H ) .  The  range o f  
Eu, where  the con t r ibu t ion  o f  qrM2 can be not iced,  
coincides with the po ten t i a l  range where the volt-  
ammet r ic  e lec t roox ida t ion  current  peaks  re la ted to 
the Ni(n) to Ni(uI) reac t ion  are  observed (Fig. 1). 
Conversely ,  the con t r ibu t ion  o f  qrM1 appears  in a 
range of  E u which coincides wi th  the range o f  po ten-  
t ial  where the e l ec t ro fo rmat ion  o f  the nickel  oxide 
layer  involves the pa r t i c ipa t ion  o f  Ni(ii)  species only.  
As  it has been r epor t ed  elsewhere [2, 3], the e lectrofor-  
m a t i o n  and  e lec t roreduc t ion  o f  Ni(n)  species occur  at  
low poten t ia l s  where the g rowth  o f  a th ick oxide  layer  
o f  nickel  in a lkal ine  so lu t ion  takes  place. 

The qr aga ins t  E 1 plots  (Fig. 3) show a' be l l - shaped 
curve for  all solut ions,  a l though  the value o f  qrM 
increases and  shifts posi t ively  as the N a O H  solut ion 
concen t ra t ion  is increased,  the co r r e spond ing  cur ren t  
peak  being nar rower .  In  all solut ions,  for  the op t ima l  
S W P  condi t ions ,  the dependence  o f  qr on t yields a 
curve a p p r o a c h i n g  a l inear  po r t i on  for t ~ 0, and  a 
l imit ing value for  t --* ec (Fig.  4). Fu r the rmo re ,  the 
init ial  s lope increases a lmos t  l inear ly  wi th  the N a O H  
concent ra t ion .  

F o r  - 1 . 0 V  ~< E~ ~< - 1.3V and  Eu = 1.0V, the q~ 
agains t  f p lo t  (Fig. 5) exhibits  a single m a x i m u m  
charge densi ty  value in 1 M and  3M N a O H  at  

(a) 

I 

I f 

200" (b) 

160 

120 

80 �9 

40 �9 

0 I 

500 (c) 

400 �9 

300 o�9 

200 �9 

'oo i" 
0 

20 

10 

0 

100 

80 

40 

20 

0 

200 

100 

i 0 I I 1 

0 20 40 60 80 100 120 140 
t / s  

Fig. 4. Dependence ofqr and R on t. (a) 0.1M NaOH; E u = 1.3V, 
E 1 = -1 .0V; f  = 2.5kHz (b) 1M NaOH; Eu = 1.0V, E 1 = -1.2V, 
f = 2.0kHz. (c) 3M NaOH; E~ = 1.0V, E 1 = -1.0V, f = 2.0kHz. 
T = 30 ~ 

f / k  Hz 

0.4 0.8 12 1.6 20 

�9 ( b )  

2OO 

160 

120 �9 

80 

40 

0 I , ~ r 
- (c)  

120 

80 

40 

0 

f / k H z  

75 

50 

25 

0 

9O 

u 

60 

3O 

0 

90 

60 

30 

Fig. 5. Dependence of qr and R onf. (a) 0.1 M NaOH; E l = - 1.3 V, 
Eu=I.0V, t=60s .  (b) 1g NaOH; E I = - I . 2 V ,  Eu=I.0V; 
t = 30 s. (c) 3 M NaOH; E 1 = - 1.0 V, E u = 1.0 V; t = 5 s. T = 30 ~ 

f --~ 2 kHz,  and  two charge  densi ty  m a x i m a  in 0.1 g 
N a O H  a t f  = &35 k H z  a n d f  = 1.3 kHz.  

The  qr aga ins t  ~-u/T~ p lo t  (Fig. 6) provides  in forma-  
t ion a b o u t  the influence o f  the symmet ry  of  the SWP 
rout ine  on the overal l  process.  F o r  aqueous  1 M 

N a O H ,  the values of  qrM1 and  qrM2 appea r  at  
%/~] = 1 and  % / T  1 = 1.4, respectively.  Conversely ,  
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for aqueous 3 M NaOH, the value ofqr M is observed at 
T~/n = 1. 

In contrast, the value of R increases almost linearly 
with the temperatures in the range 0-35 ~ (Fig. 7), 
reaching a maximum at 50 ~ Then, it drops to nearly 
1 at about 90 ~ These results are in agreement with 
those reported earlier in the literature [2]. 
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3.3. Stability of hydrous nickel oxide layers obtained by 
the SWP treatment 

The stability of hydrous nickel oxide layers produced 
by the SWP treatment in aqueous 1 M NaOH at 30 ~ 
for E1 = - l . T V ,  E u = 1.0V and f = 2 . 0 k H z ,  was 
tested by subjecting the hydrous nickel oxide layers 
to an ORC treatment between 0 and 1.6V at 
0.02Vs -1 for a time tc (Fig. 8(a)). The value of qr 
resulting from these voltammograms goes down 
almost linearly with tc. The value of the rate of decay 
increases with the initial amount of accumulated 
oxide (Fig. 8(b)). This decrease is accompanied by 
the appearance of a multiplicity of voltammetric 
electroreduction current peaks (Fig. 9(a)), and a 
change in the height ratio of the anodic to cathodic 
current peak, the peak located more positively being 
predominant as qr decreases. Furthermore, as 
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t c --+ oc, the overall voltammogram approaches that 
illustrated in Fig. 1 (a). 

3.4. Voltammetry in aqueous 1 M LiOH 

In general, when foreign cations are present in the 
nickel hydroxide structure the activity of water at 
interplanar regions diminishes [25, 28, 29]. This effect 
depends on the cation charge and size. Thus, the 
insertion of Li + ions into the nickel hydroxide struc- 
ture makes /%NiOOH more stable and favours the 
corresponding electroreduction process. To learn 
further aspects of this process, hydrous nickel oxide 
electrodes were prepared by SWP treatment in 
aqueous 1M LiOH at 30~ by setting E1 = -1 .0V,  
Eu = 1.2 V, f = 1.25 kHz and t = 30 s. The hydrous 
nickel oxide electrode was subsequently subjected to 
an ORC treatment between 0 and 1.6V at 0.02Vs -a 
for 5h. In this case, the decrease in qr with tc is 
much lower than that observed in aqueous 1 M 
NaOH for hydrous nickel oxide electrodes of similar 
R values (Fig. 8). 

Voltammograms resulting from hydrous nickel 
oxide electrodes subjected to an ORC treatment at 
0.02Vs -1 in 1M LiOH at 30~ (Fig. 9(b)), show 
that the anodic peak becomes sharper and the split- 
ting of the cathodic peak is less remarkable than in 
aqueous 1 M NaOH, as t c increases. 

3.5 Oxygen evolution reaction polarization curves 

The oxygen evolution reaction (OER) quasi-stationary 
polarization curves were run at 2 x 10 .4 V s-1 in 1 M 
NaOH at 30 ~ using either an untreated nickel elec- 
trode or SWP-treated nickel electrodes in 1 M NaOH 
at 30 ~ These curves were obtained immediately 

after the working electrode had been subjected to a 
potential cycling between 0.05 and 1.55V at 
0.1Vs -1 for about 15min to attain a stable voltam- 
metric response. In all cases, the values of the current 
density were referred to the geometric electrode area 
(Fig. 10). At constant potential, the anodic current 
density related those SWP-treated nickel electrodes 
is greater than that of  the untreated nickel. Besides, 
the increase in the OER catalytic activity for SWP 
treated electrodes correlates with the increase in the 
working electrode active surface area. 

3.6. SEM micrographs 

SEM micrographs of fresh hydrous nickel oxide layers 
prepared by the SWP treatment show a gel-like 
structure (Fig. l l(a)). No crystalline texture can be 
distinguished, in agreement with X-ray diffractograms 
(Section 3.7). Following an ORC treatment between 0 
and 1.6V at 0.02Vs 1 for t = 225min, in either 
aqueous 1 M NaOH or 1 M LiOH, a rather regular 
shrinked mosaic-like structure [30] can be observed 
(Fig. 1 l(b)). 

3.7. X-ray difractometry 

X-ray diffractograms of hydrous nickel oxide elec- 
trodes prepared in aqueous 1 M NaOH setting either 
E1 = -1 .0V,  E u = 1.0V; f = 2.0kHz, t =  lmin  or 
E 1 = - I . 6 V ,  E u = l . 7 V ;  f = 2 . 0 k H z ,  t = l m i n  
(Fig. 12(a) and (b)) show peaks of bulk nickel at 
52.3 ~ and 45.2 ~ which correspond to reflections at 
the (200) and (1 1 1) planes, respectively, but no 
peak related to nickel hydroxide can be observed. 
After drying, the same material exhibits a very poor  
degree of crystallinity. 
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For  the sake of comparison, diffractograms of 
differently prepared nickel oxide powders were also 
obtained. Thus, diffractograms resulting from nickel 
hydroxide powders, precipitated f rom an aqueous 
NiC12 solution (Fig. 12(c)), show peaks that are 
typical of  a crystalline substance involving reflections 
at the (1 1 0), (1 0 1), (1 00) and (00 1) planes [31, 32]. 
Likewise, nickel oxide samples prepared in aqueous 
1 M N a O H  by setting either E1 = - 1 . 5 V ,  Eu = 1.2V, 
and f = 2 . 5 k H z ,  or E1 = - l . 6 V ,  E u = 1.7V, and 
f = 2.5kHz,  and stored for 48h at 80~ provide 
X-ray diffractograms which exhibit incipient nickel 
hydroxide peaks (Fig. 12(d) and (e)). The X-ray 
diffractograms of these samples, kept for three 
months in aqueous 1M N a O H  (Fig. 12(f)), tend to 
exhibit the features of  a diffractogram resulting from 
chemically prepared nickel oxide. 

These results show that fresh hydrous nickel oxide 
layers produced by the SWP technique can be con- 
sidered as largely amorphous [32 34]. However, a 
change in the structure and morphology of these 
layers takes place when the electrodes are kept in 
aqueous N a O H  under open circuit conditions. 
Furthermore,  the evolution of the vol tammogram 
resulting from SWP-prepared hydrous nickel oxide 
electrodes and kept in contact with aqueous N a O H  
is comparable to that recently described for hydrous 
cobalt oxide [6-8]. 

(a) 

(b) 

Fig. 11. SEM micrographs. Scale: 10 #m. (a) Nickel oxide layer pro- 
duced in 1 M NaOH at 30 ~ by setting E 1 - - 1.0 V, E u ~ 1.0 V, 
f = 2.0 kHz, t = 45 s. (b) Same specimen after a 225 min ORC treat- 
ment between 0 and 1.6 V at 0.02 V s -1 . 

3.8. Infrared spectroscopy data 

Infrared spectra of  hydrous nickel oxide prepared 
either at E1 = - 1 . 5 V ,  Eu = 1.2V, f = 2 .5kHz and 
t = 6 h  (specimen I), or E~ = - l . 6 V ,  Eu = 1.7V, 

f = 2.5 kHz and t = 6 h (specimen II) were obtained. 
After the SWP treatment, a greenish product  is 
formed on specimen I, whereas a black substance 
appears on specimen II. Both products were dried at 
100 ~ to obtain their infrared spectrum (Fig. 13(a) 
and (b)). Assignments of  significant absorption bands 
have been given elsewhere [35-41]. The band at 
3640cm -1 related to free OH stretching vibration 
characterizes Ni(OH)2 [36, 37]. The band at 
3434cm -1 has been assigned to either an adsorbed 
OH stretching mode or to the vibration of OH groups 
involved in hydrogen bonding in N iOOH [39-41]. 

For  the sake of comparison, the infrared spectrum 
of nickel oxide precipitated by adding aqueous 
N a O H  to NiC12, filtered, and vacuum dried at 
100~ for 30h was also obtained (Fig. 13(c)) [32,. 
34]. It exhibits Ni(OH)2 as the predominant  species. 
Analogously, Ni oxide prepared as indicated in [34], 
subsequently oxidized with bromine, filtered and 
vacuum dried gives a Ni(III) oxide infrared spectrum 
(Fig. 13(d)) [32, 34]. 

Accordingly, it can be concluded from infrared data 
that nickel oxide layers prepared by the SWP tech- 
nique can be considered as a mixture of  Ni(II) and 

~ )  
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Fig. 12. X-ray diffractograms of differently prepared nickel oxide 
samples. (a) Sample prepared by applying the SWP technique, 
E l = -1.0V, Eu -- 1.0V, f -  2.0kHz, t = 60s, 1M NaOH, 30~ 
(b) The same as in (a) except for E1 = -1.6V and Eu = 1.7V. (c) 
Sample prepared by precipitation from NiCI2 and NaOH solutions. 
(d) SWP prepared sample, E l = -1.5V, E u = 1.2V, f = 2.5kHz, 
t = 60 s, 1 M NaOH, 30 ~ and further heated at 80 ~ for 48 h. (e) 
The same as in (d) except for Et = -1.6V, Eu = 1.7V. (f) Same 
as in (d) after a three month ripening in 1 M NaOH. 
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Fig 13. Infrared spectra of  differently prepared nickel oxide samples 
(a) SWP prepared sample, E 1 = -1 .5V,  Eu = 1.2V, f = 2.SkHz, 
t = 6 h ,  1M NaOH, T = 3 0 ~  (b) Same as in (a) but 
E l = - 1 . 6 V ,  E u = 1.7V. (c) Sample prepared by precipitation 
from NiC12 and NaOH solutions. (d) Same as in (c) with further 
chemical oxidation by bromine addition. 

Ni(III) species, although Ni(n 0 species predominate 
for specimen II. 

4. Discussion 

4.1. Formation of hydrous nickel oxide electrodes by the 
SWP treatment 

The electroformation of hydrous nickel oxide by the 
SWP technique depends on the characteristics of the 
periodic potential routine, as earlier established [5], 
and also on the solution composition. It is clear that 
the value of E1 related to qrM lies in the potential range 
where the simultaneous HER and Ni(n) electrodeposi- 
tion take place, leading in part to the precipitation of 
Ni(OH)2 [42, 43]. The overall process becomes directly 
comparable to that already described for SWP treated 
cobalt electrodes in alkaline solution [6-8]. 

The dependence of qr on E u (Fig. 2) indicates that 
the values of qrM1 and qrM2 in aqueous 1 M and 0.1 M 
NaOH are associated with the E u values which are 
located in the potential range where Ni(OH)2 and 
NiOOH species, respectively, are formed, as 
concluded from the analysis of infrared spectra 
described in Section 3.8. The single qrM maximum in 
aqueous 3 M NaOH appears in the potential range 

where only electrochemical reactions related to 
Ni(OH)2 are thermodynamically possible [43]. There- 
fore, the amount of active species produced by SWP is 
independent of the oxidation state of those nickel 
species produced anodically. 

In aqueous 0.1 M and 1.0 M NaOH, the appearance 
of a thick hydrous nickel oxide layer can be explained 
by the following overall reactions: 

Ni + 2OH- = Ni(OH)~ + 2e- (4a) 

and 

Ni(OH)~ + OH- -- NiOOH* + H20 + e (5a) 

Reactions 4(a) and 5(a) can be related to qrM] and 
qrM2, respectively. Asterisks stand for 'non-aged' 
species [5] produced in the relatively short anodic 
half-cycl e time. Furthermore, at sufficiently positive 
potentials, the following process competes with 
Reaction 5(a): 

Ni(OU)~ + 2OH- = NiO2 + 2H20 + e- (5b) 

yielding soluble nickel-anionic species. According to 
thermodynamics, Reaction 5(b) should occur at above 
1.6 V, and is favoured by increasing the solution pH 
[42]. Therefore, owing to the contribution of Reaction 
5(b), which prevails in aqueous 3 M NaOH instead of 
Reaction 5(a), no second maximum value can be 
observed in the qr against E u plot for this high 
NaOH concentration. This conclusion is supported 
by the higher yield of soluble nickel species produced 
during the SWP treatment on increasing the NaOH 
concentration when E~I exceeds 1.6 V [5]. 

The frequency dependence of qr in aqueous 1 M and 
3 M NaOH is rather similar (Fig. 5) as it goes through 
a single qrM f o r f  ----- 2 kHz, whereas two maxima, qrM1 
at f ~ 0.35 kHz and qrM2 at f ~ 1.3 kHz, appear at 
0.1 M NaOH. The frequency related to qrM2 at 
f ~-- 1.3 kHz can be related to qrM for more concen- 
trated solutions. The appearance of qrM1 at 
f--~ 0.35kHz in aqueous 0.1 M NaOH suggests that, 
under these conditions, Reaction 5(b) is nearly sup- 
pressed and then, oxide layer formation involves 
again a dominating participation of Reactions 4(a) 
and 5(a) in the overall process. Therefore the competi- 
tion among Reactions 4(a), 5(a) and 5(b) provides a 
reasonable explanation for the influence of the solu- 
tion composition and characteristics of the potential 
routine on the formation of the hydrous nickel oxide 
layers on nickel in alkaline solutions. In fact the rate 
and yield of those reactions depend on Eu, El, %, rl 
and the solution composition. Therefore, it is possible 
to select the optimal conditions to produce hydrous 
nickel oxide electrodes of different thicknesses. 

For the OER those hydrous nickel oxide electrodes 
produced by the SWP treatment at constant potential 
can hold higher current densities than the untreated 
nickel electrode. This enhancement in the catalytic 
activity for OER can be related, as previously 
reported by Burke et al. [3], to the hydrous structure 
of metal oxide layers produced by the application of 
periodic potential routines (see Sections 3.7 and 3.8). 
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4.2. Dependence of the charge storage capacity on ORC 

The decrease in the charge storage capacity of 
hydrous nickel oxide electrodes on ORC fits closely 
a linear qr against tc relationship (Fig. 8(a)). The 
charge storage capacity decay follows a zero order 
rate law in all solutions At constant temperature, 
the apparent zero order rate constant k ' - -  

Aqr/At c, depends on R and the solution compo- 
sition (Fig. 8(b)). Thus, for aqueous 1 M NaOH, 
the value of k ~ increases from 0.028 to 
0.163 mC cm -2 rain -1 when the value of R is changed 
from 72 to 204. Furthermore. for 204 ~ R ~< 230, k' 
decreases from 0.163mCcm-2min -~ for aqueous 
! N NaOH to 0.092mCcm-2min -1 for aqueous 1M 
LiOH. These results indicate that during each ORC 
a certain amount of material becomes inactive, this 
amount of inactive material being proportional to 
the number of ORCs. The conversion from active 
into inactive material is known to be a slow process 
which can be followed through voltammetric 
sampling [19, 20], where it appears that the complex 
mixtures of hydrous nickel oxides initially formed 
change into chemically defined species such as c~- 
Ni(OH)2, fl-Ni(OH)2, fl-NiOOH and 7-NiOOH, 
which are usually assigned to nickel oxide electrodes 
of technical interest. 

The incorporation of Li + ions into the hydrous 
nickel hydroxide matrix also makes this type of 
electrode more efficient for long-term charging- 
discharging cycles, in agreement with earlier results 
[25, 28, 29]. 

4.3. Influence of temperature 

The amount of hydrous nickel oxide accumulated 
during the SWP treatment, as evaluated by R, 
increases with T until a certain critical temperature 
(Tc~50~ is reached and then it decreases 
approaching zero for T ~ 95 ~ (Fig. 7). The increase 
in R with T resulting from T < Tc obeys the linear qr 
against T relationship, as earlier reported in the 
literature [2]. This fact can be explained by the 
increase in the rate of Reactions 4(a), 5(a) and 5(b) 
with temperature, and a negligible contribution of 
those side reactions leading to the conversion from 
active into inactive electrode material. However, the 
decrease in R with T, which is observed for T > Tc 
indicates that in this case there is a competition 
between hydrous nickel oxide electroformation and 
ageing processes producing inactive materials. In 
contrast with these materials, fresh hydrous nickel 
oxide layers produced by applying the SWP treatment 
exhibit amorphous characteristics and a rather large 
content of water [3, 5], as concluded from X-ray 
diffractometry and infrared spectroscopy data. 
Furthermore, the temperature increase diminishes 
the adherence of the oxide layer to the base electrode, 
favouring the formation of a powder-like poorly 
adherent inactive product. Therefore, a greater 
efficiency for the production of hydrous nickel oxide 

electrodes is expected in the low range of temperature 
for T <  T c . 
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