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the absence of oxygen (8). The electron transfer rate and 
diffusion coefficient of Co ~+ ions are both decreased with 
the inhibiting effect of the Co(OH)2 colloid layer at the vi- 
cinity of the electrode surface, as compared to that without 
the inhibit ing effect of Co(OH)2 colloid layer. 

Acknowledgments 
One of the authors (C.Q.C.) was in receipt of a Sino-Bri- 

tish Friendship Fellowship and a Chinese Government  
Education Commission Scholarship. 

Manuscript submitted Feb. 15, 1991; revised manuscript  
received May 28, 1991. 

REFERENCES 
1. A. C. C. Tseung, S. P. Jiang, Y. Z. Chen, and J. K. You, 

J. Mater. Sci. Letters, 9, 1294 (1990). 

2. S. P. Jiang, Y. Z. Chen, J .K.  You, T.X. Chen, and 
A. C. C. Tseung, This Journal, 137, 3374 (1990). 

3. S. P. Jiang and A. C. C. Tseung, ibid., 137, 3381 (1990). 
4. S.P.  Jiang and A. C. C. Tseung, ibid., 137, 3387 (1990). 
5. S. P. Jiang, C. Q. Cui, and A. C. C. Tseung, ibid., Ac- 

cepted. 
6. C. Q. Cui, S. P. Jiang, and A. C. C. Tseung, ibid., Ac- 

cepted (1991). 
7. L. V. Pyatnitskii,  "Analytical Chemistry of Cobalt," 

p. 5, Israel Program for Scientific Translations, Jeru- 
salem (1986). 

8. C. Q. Cui, S. P. Jiang, and A. C. C. Tseung, This Jour- 
nal, 137, 3418 (1990). 

9. A. J. Bard and L. R. Faulkner, "Electrochemical Meth- 
ods, Fundamentals  and Applications," Chap. 6, John 
Wiley & Sons, New York (1980). 

10. S. Fletcher, J. Electroanal. Chem., 118, 419 (1981). 

The Self-Discharge of the NiOOH/Ni(OH)2 Electrode 
Constant Potential Study 

Z. Mao* and R. E. White* 
Center for Electrochemical Engineering, Department of Chemical Engineering, Texas A&M University, 

College Station, Texas 77843 

ABSTRACT 

Hydrogen oxidation currents at a NiOOH/Ni(OH)2 electrode were measured directly at constant potentials for various 
hydrogen pressures and states of charge. It was found that the hydrogen oxidation current is linearly proportional to the 
hydrogen pressure at all electrode potentials and that the logarithm of the anodic current is a linear function of electrode 
potential. It was also found that hydrogen oxidation on the nickel substrate material was strongly inhibited by the pres- 
ence of nickel hydroxide on the substrate surface. By comparing the currents for hydrogen oxidation and oxygen evolu- 
tion on the NiOOH/Ni(OH)2 electrode and on a nickel substrate, it is suggested that the self-discharge of the 
NiOOH/Ni(OH)2 electrode is mainly due to electrochemical oxidation of hydrogen on the active electrode material. 

The self-discharge of the Ni-H2 battery has been investi- 
gated by several researchers with various methods, such 
as measuring the pressure drop in a battery on open circuit 
(1, 2), open-circuit potentials (3), and measuring the heat 
generation rate of the NiOOH/Ni(OH)2 electrode in hydro- 
gen environment  (4), and by using the ac impedance tech- 
nique (5). Three possible mechanisms of the self-discharge 
process have been proposed in these studies. The first 
mechanism involves electrochemical oxidation of dis- 
solved hydrogen on the NiOOH/Ni(OH)2 surface or on the 
sinter nickel substrate with simultaneous electrochemical 
reduction of nickel oxyhydroxide (NiOOH) to nickel hy- 
droxide [Ni(OH)2] (6). This mechanism allows localized hy- 
drogen oxidation and uniform reduction of nickel oxyhy- 
droxide in the direction perpendicular to the electrode 
geometric surface. The second mechanism is the direct 
chemical reaction between dissolved hydrogen and nickel 
oxyhydroxide (4), in which the local hydrogen oxidation 
rate must  be equal to the reduction rate of nickel oxyhy- 
droxide to nickel hydroxide. The last mechanism (7) in- 
cludes the oxidation of water into oxygen by nickel oxyhy- 
droxide reduction and recombination of the resulting 
oxygen with hydrogen to form water on the plat inum cata- 
lyst in the anode of a Ni-H2 battery. 

The pressure drop in a Ni-H2 battery on open circuit is a 
good and accurate indication of the capacity loss due to 
self-discharge, but  it only provides information about the 
self-discharge in an integral form. Although such data can 
be analyzed to determine the reaction mechanism by using 
mathematical models and a model discrimination process, 
such a procedure does not provide direct evidence for a 
certain type of reaction mechanism. If the pressure drop 
data were to be analyzed in conjunction with the nickel 
electrode potential and the state of charge, it should be 
possible to determine which mechanism is controlling. 

* Electrochemical Society Active Member. 

Unfortunately, to the best of our knowledge, such an anal- 
ysis has not been reported. The microcalorimetric tech- 
nique has many advantages over other techniques because 
it measures accurately in situ the self-discharge rate. How- 
ever, the investigations using this technique reported so 
far have been limited to measuring the heat generation 
rates of single NiOOH/Ni(OH)2 electrodes in a hydrogen 
environment  without simultaneously monitoring the elec- 
trode potential and the state of charge. The analysis of 
such microcalorimetric data can reach only limited con- 
clusions. For example, the heat generation rate of a small 
nickel electrode is simply too small to be measured accu- 
rately if the self-discharge is due to the reaction 

1 
2NiOOH + H20 --* 2Ni(OH)2 + - 02 [1] 

2 

because the enthalphy change for this reaction is about 
-1.933 kJ/mol, ~ compared to -144.45 kJ/mol for the re- 
action 

1 
NiOOH + - H2 --* Ni(OH)2 [2] 

2 

Measuring the open-circuit potential provides only quali- 
tative information about the self-discharge rates under  dif- 
ferent conditions. This technique cannot be used to deter- 
mine the hydrogen oxidation rate nor the nickel reduction 
rate. Transient techniques such as ac impedance can be 
used to measure only the current due to NiOOH/Ni(OH)2 
redox reaction because this reaction is quite reversible; 
consequently, these techniques can be used to determine 
the effect of hydrogen presence on the stability of the 

1 The enthalphy change was estimated using the standard elec- 
trode potential data and the method presented in Ref. (6). 
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nickel electrode, but  they are not suitable for determining 
the kinetics of hydrogen oxidation on the nickel electrode. 

Recently, Mao and White (6) developed a mathematical  
model  of the self-discharge o fa  Ni-H2 battery, in which the 
first self-discharge mechanism described above with 
hydrogen oxidation on the NiOOH/Ni(OH)2 surface was as- 
sumed; it was also assumed that the solid phase is a homo- 
geneous mixture  of the NiOOH/Ni(OH)2, whose composi- 
tion depends on the state of charge. The model  predictions 
of the characteristics of the self-discharge, such as the 
pressure and self-discharge rate as a function of t ime and 
the state of  charge, are in agreement  with experimental  ob- 
servations. However,  experimental  data are needed before 
it can be concluded that their proposed mechanism is 
correct. 

The above analysis of the techniques used in previous 
investigations indicates that a more direct and reliable 
method is needed to determine the mechanism of the self- 
discharge of  a NiOOH/Ni(OH)2 electrode in a hydrogen en- 
vironment.  Details about the self-discharge process, par- 
ticularly concerning the contribution of oxygen evolution, 
electrochemical or chemical nature of the self-discharge 
process, and correlations of the self-discharge rate with hy- 
drogen pressure, the state of charge, and the electrode po- 
tential need to be investigated further. 

In the present work, steady-state currents were meas- 
ured as a function of the gas pressure in a cell, the elec- 
trode potential, or the state of charge for the 
NiOOH/Ni(OH)2 electrode in hydrogen and argon environ- 
ments. The self-discharge rates were then correlated with 
these variables. In addition, to determine the effect of 
nickel sinter substrate on the self-discharge of  the 
NiOOH/Ni(OH)2 electrode, steady-state currents were 
measured for bare nickel sinter electrodes as a function of 
the electrode potential and hydrogen pressure. 

Although it is difficult to determine the equilibrium po- 
tential of a NiOOH/Ni(OH)2 electrode in alkaline electro- 
lyte because the rest potential is actually a mixed potential 
of those for oxygen evolution and nickel oxyhydroxide re- 
duction (8, 9), several investigators have reported that the 
rest potential is a function of the state of charge and fol- 
lows closely the Nernst equation (10, 11). Therefore, if the 
electrode potential is kept  at a constant value by using a 
potentiostat, the ratio of NiOOH/Ni(OH)2 in the electrode 
would be forced to remain a constant value. Consequently, 
it would be expected that the net current measured at 
steady state would be zero if there were no species which 
could be continuously either reduced or oxidized at the 
given potential. I f  hydrogen gas is present and it can be 
electrochemically or chemically oxidized at these poten- 
tials, the current measured at steady state would be due to 
the hydrogen oxidation. If  the potential is controlled in a 
region where oxygen evolution can also occur, the current 
would include that portion due to oxygen evolution. These 
two currents can be determined separately by conducting 
experiments  in an inert gas and in a hydrogen environ- 
ment. The measured steady-state currents would repre- 
sent the self-discharge rate of the nickel electrode at each 
potential due to hydrogen oxidation and oxygen evolu- 
tion. Therefore, by measuring and analyzing the steady- 
state currents, the self-discharge mechanism of the 
NiOOH/Ni(OH)2 electrode can be determined as described 
below. 

Experimental 
Figure 1 shows a schematic view of the pressure vessel 

cell used in the experiments.  The pressure vessel was 
made of stainless steel. The chamber was 8 cm in diam and 
18 cm in height. The inlet stainless steel tube at the bottom 
was connected directly to a hydrogen or argon gas cylinder 
whereas the outlet tube mounted on the cap was blocked 
during experiments  by a dead end Swagelock. It was used 
to release gas when the electrode or gas needed to be 
changed. A precise pressure gauge was mounted on the 
cap to monitor  the pressure in the vessel. Three stainless 
steel bars were mounted on the cap as the leads for the 
three electrodes (working, counter-, and reference elec- 
trodes). They were insulated from one another by ceramic 
tubes surrounding the bars. 

s.s vessel,~ I 
Fig. 1. Schematic view of the pressure vessel and the arrangement of 

the experimental cell. 

The cell that houses the working electrode, separator, 
and counterelectrode consisted of two pieces of Plexi- 
glas, on which a grove of two square centimeters wide 
and 0.1 cm deep was machined, and many small uniformly 
distributed holes were drilled through the back side of the 
grove to provide a gas path. The two plates were tightly 
held by four bolts; one at each corner, as shown in Fig. 1. 
The electrodes were cut to fit into the groves, four layers of 
porous polyethylene sheet were folded and placed be- 
tween the nickel electrode and a nickel screen and served 
as the separator, and the nickel screen served as the coun- 
terelectrode. The cell was hung above the electrolyte while 
part of the separator was in contact with the electrolyte so 
as to keep the electrodes wet via capillary action. The ref- 
erence electrode was a Hg/HgO electrode in the same elec- 
trolyte. A small segment of Pyrex glass tube (1/16 in. od) 
was used to make the reference electrode. One end of the 
glass tube was blocked with the pressed polyethylene to 
prevent HgO paste from falling off the tube and to allow 
contact between the electrolyte and HgO. The HgO paste 
was prepared using the same electrolyte and HgO powder. 
After the HgO paste was added to the bot tom part of the 
tube, mercury was poured on top of it. The other end of the 
tube was sealed by epoxy to keep the platinum wire lead 
and small plastic tube in place as shown in Fig. 1. This 
plastic tube provides a means of regulating the pressure to 
balance the pressure between the inside and outside of the 
tube. This yields a stable electrode potential when the ves- 
sel pressure is changed. 

The electrodes used in the experiments were provided 
by Hughes Aircraft Company. They were prepared by im- 
pregnating nickel hydroxide into nickel sinter plaque 
using an electrochemical method. The electrode contained 
about 6 weight percent (w/o) Co, was 0.075 cm thick, and 
had a capacity of about 25 mAh/cm 2. The electrolyte used 
in all of the experiments  was 31 w/o KOH solution. A po- 
tentiostat/galvanostat, PAR Model 273, was used to control 
the electrode potential difference between the working 
electrode and the reference electrode. Currents were re- 
corded on a X-t recorder, Hewlett-Packard Model 7132A. 
Zero grade hydrogen and argon gas were used in the ex- 
periments and the electrolyte was prepared using deio- 
nized water and analytically pure potassium hydroxide 
pellets. 

After the cell had been placed in the pressure vessel, 
argon gas was flushed through the vessel to purge the air. 
The electrode was then fully charged and discharged at a 
rate of about C/10 (10 mA total current) until the electrode 
capacity became stable (usually after four cycles). The 
electrode was finally charged to the full capacity and 
rested on open circuit for a certain period of time (long 
enough so that the electrode potential did not change more 
than 1 mV for 1 h). The electrode potential was then con- 
trolled at the rest potential, and the corresponding current 
was recorded until it reached steady state (i.e., the current 
did not change during the course of 1 h). The time required 
for the currents to reach steady state varied from 3 h to 
more than 15 h, depending on the state of charge and on 
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whether only the gas pressure was changed or both the 
electrode potential and the gas pressure were changed. It 
usually took longer in the middle region of the state of 
charge than at both the ends of the state of charge to reach 
steady state. It was also observed that in the middle region 
of the state of charge the current oscillated slightly; the re- 
corded current formed a band with a certain width. When 
this happened, the average value was taken for the steady- 
state current. It  is believed that this oscillation phenome- 
non is due to the intrinsic character of this particular sys- 
tem under  the potentiostatic control where a highly revers- 
ible reaction (NiOOH/Ni(OH)~.) is nearly at an equilibrium 
state whereas the other reaction (hydrogen oxidation) is ki- 
netically slow and far from its equilibrium state (12). 
Under these conditions, a random disturbance to the elec- 
trode potential would result in an appreciable reaction rate 
for the nickel redox reaction, thereby causing an oscillat- 
ing current. 

When one gas was changed to another one (from argon to 
hydrogen, or vice versa), the vessel was flushed with the 
second gas for about 10 min before the outlet was closed 
and the gas pressure was raised to the desired value. After 
the current measurements for each constant potential for 
different pressures of both argon and hydrogen gas were 
completed, a desired amount  of capacity was discharged at 
C/IO rate (10 mA) and the cell was returned to open circuit 
again for the electrode potential to reach a new steady 
value. The electrode potential was then controlled at this 
new value while the current was recorded. These steps 
were repeated unti l  the electrode was completely dis- 
charged. 

Results and Discussion 
Figure 2 presents the steady-state currents measured vs .  

argon pressure for the NiOOH/Ni(OH)2 electrode at dif- 
ferent electrode potentials. It was observed that the elec- 
trode potential on open circuit was not stable above 0.4 V; 
it would fall gradually to a value below 0.4 V. To measure 
the currents at potentials higher than 0.4 V, the electrode 
was charged galvanostatically at 10 mA to the vicinity of a 
desired potential, and then the operational mode of the po- 
tentiostat was changed immediately to potentiostatic. The 
corresponding current was measured at steady state. Fig- 
ure 2 shows that the currents are nearly independent  of 
pressure and become almost zero at the potential of 
0.303 V. Since the currents measured are anodic current, in 
an argon environment,  the possible reaction for the meas- 
ured anodic current is the oxidation of hydroxide ions into 
oxygen gas 

4 OH- - 4e- ~ 02 i' + 2H20 [3] 

The reversible electrode potential for this reaction is ap- 
proximately 0.30 V v s .  Hg/HgO in the same electrolyte for 

2 . 5  

1 , 5  

0 . 5  

o 

I 

o * ' = : ~ - - - T - ' - - : - - ]  ...................... ,'--;--I-~-;-:~-'~ , 
0 2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  

P r e s s u r e  ( p s i g )  

Fig. 2. The steady-state onodic current v s .  argon pressure for the 
N iOOH/Ni (OH)z  electrode at four electrode potentials. The total geo- 
metric electrode areo was 4 cm 2. 

2 . 5  

2 

~ 1.5 

1 

_ E = O ~ V  

E = 0.4~.y.. ............. - 
............ z~ .................. 

................ o ............................... 
0 . 5  E = 0 . ~  y . . . . . . . . . . . . .  . 

o = .................. E = 0 . 3 0 3  V . . . . . .  

.... ~ ~  . . . . . . . .  ~ - - - ' * - - ' ~ ' - - * ' " f  . . . . .  , ' "  I , I , 

0 200 400 600 800 1000 
Pressure (pslg) 

Fig. 3. The steady-state onodic current us a function of hydrogen 
pressure for the N iOOH/Ni (OH)z  electrode at four electrode poten- 
tials. 

an 02 pressure of 1 atm; the actual value under  the experi- 
mental  condition may be lower because the oxygen partial 
pressure is lower. However, Fig. 2 shows that the reaction 
rate becomes appreciable only when the electrode poten- 
tial is higher than 0.4 V. Therefore, it can be inferred that a 
NiOOH/Ni(OH)2 electrode would rapidly lose its capacity 
due to oxygen evolution when the electrode is fully 
charged and the electrode potential is higher than 0.4 V. It 
was observed that more than 95% of the initial capacity 
still remained when the electrode potential fell below 
0.4 V. Therefore, it is unlikely that oxygen evolution is the 
main cause for the self-discharge of a NiOOH/Ni(OH)2 elec- 
trode in a hydrogen environment  because the electrode 
potential is below 0.4 V v s .  Hg/HgO; in addition, the meas- 
ured currents in this experiment were small compared to 
actual self-discharge current in a hydrogen environment.  
If the capacity loss is about 10% of its total capacity per day 
for a fully charged electrode in an actual battery, the self- 
discharge current would be about 0.417 mA for the elec- 
trode used in this experiment, which is much higher than 
the measured anodic current (0.071 mA) at 0.4 V. Conse- 
quently, other reactions must  contribute to the self- 
discharge of the Ni/I-I2 battery. 

In  contrast to Fig. 2, the anodic currents on the 
NiOOH/Ni(OH)2 electrode increase proportionally with hy- 
drogen pressure at any electrode potential as shown in 
Fig. 3. Since the curves do not pass through the origin of 
the axes and they are nearly parallel, the total current must  
result from the oxidation of both hydrogen and hydroxide 
ions, the latter being independent  of the hydrogen pres- 
sure. Therefore, by subtracting the current measured in 
an argon environment,  the portion of the current due to 
hydrogen oxidation can be obtained. Figure 4 shows the 
hydrogen oxidation current as a function of hydrogen 
pressure at different potentials; the plots are linear and al- 
most pass through the origin of the axes. It can be inferred 
that the self-discharge due to hydrogen oxidation can be 
reduced to a min imum value by substantially decreasing 
the hydrogen pressure. 

If the anodic currents are due to the direct chemical re- 
action between dissolved hydrogen and nickel oxyhydrox- 
ide while the resulting nickel hydroxide was simulta- 
neously electrochemically converted back to nickel 
oxyhydroxide, it would be expected that the anodic cur- 
rents would vary proportionally with the state of charge, 
and would be less dependent  on the electrode potential. If 
the anodic currents are due to the electrochemical oxida- 
tion of dissolved hydrogen, the logarithm of the anodic 
currents would vary linearly with the electrode potential. 
Figure 5 presents the anodic currents measured on a loga- 
r i thm scale and the electrode potential for different hydro- 
gen pressures. It is quite clear that these curves are nearly 
linear, and consequently, they indicate that the hydrogen 
is electrochemically oxidized. Figure 5 also shows that the 
slopes of the curves are almost the same, indicating that 
the reaction mechanism is the same at all pressures. 
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Fig. 4. The hydrogen oxidation current vs .  hydrogen pressure for the 
NiOOH/Ni(OH)2 electrode. The y axis represents the current differ- 
ences between those separately measured in hydrogen and argon envi- 
ronments. 
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Fig. 5. The hydrogen oxidation current as .  function of the electrode 
potential for the NiOOH/Ni(OH)z electrode at different hydrogen pres- 
sures. 

To clarify whether  the anodic current has a distinct rela- 
tionship with the state of charge, the measured anodic cur- 
rents were plotted as a function of the discharged capacity. 
Figure 6 presents these plots. Although the current de- 
creases with the discharged capacity, it is difficult to inter- 
pret the relationship between the current and the dis- 

0.4 

700 psig 
u 

o.a -..~oo p~ig 

0.2 

(D 

0.1 ~''" ..................... ~- .................... ~.. 

0 I 

0 20 40 60 80 1 O0 
Discharged capac i ty  (mAh) 

Fig. 6. The hydrogen oxidation current us a function of the dis- 
charged capacity for the NiOOH/Ni(OH)2 electrode. The total capacity 
of the electrode was about 100 mAh determined from o discharging 
curve at | 0 mA. 

1285 

O . 1  ~ F r I , I , I , 

0 2 0  4 0  6 0  8 0  1 O0 

Discharged capacity (mAh) 

Fig. 7. The rest potentials vs. the discharged capacity. The open 
square symbols show the potentials where those hydrogen oxidation 
currents in Fig. 6 were measured. 

charge capacity based on the chemical reaction 
mechanism because the slopes of the curves vary from one 
region to another. A plot of the electrode potential vs .  the 
discharged capacity for the same data presented in Fig. 6 is 
given in Fig. 7. It can be seen by comparing Fig. 6 and 7 
that the anodic current and the potential have a similar 
trend as a function of the discharged capacity. Therefore, it 
may be concluded that the hydrogen oxidation rate de- 
pends strongly on the electrode potential but not on the ca- 
pacity. 

The linear plots shown in Fig. 5 indicate that the rela- 
tionship between the hydrogen oxidation current and the 
electrode potential can be expressed by the Tafel equation 

i = a exp ( b E )  [4] 

where E represents the electrode potential in volts, the re- 
ciprocal of the symbol b is normally referred to as the Tafel 
slope, and a may be considered as the reaction rate con- 
stant. In order to extract an apparent exchange current 
density from Fig. 5, one must  know the equilibrium poten- 
tial for each pressure and rearrange Eq. [4] to 

i = A x s a s K P  ~ exp (bEeq) exp [b(E  - Eeq)] [5] 

where the symbols A, xs, and as represent the projected 
surface area, the thickness of the electrode, and the elec- 
troactive surface area per unit volume of the electrode, re- 
spectively. The symbol K represents a constant. The ex- 
change current density is defined here as 

Jo = K P  ~' exp (bEeq) [6] 

and b is normally expressed as a function of temperature 

pF 
b - [7] 

R T  

where ~ is referred to as a transfer coefficient. The reaction 
rate constant a in Eq. [4] and the calculated exchange cur- 
rent densities for each pressure are given in Table I. The 
average slope of the curves in Fig. 5 and the equilibrium 
potentials presented in Fig. 10 were used in calculating 
these exchange current densities. Nonlinear regression of 
the above equation (Eq. [5]) with the data for K and c~ yields 

= 1.00. Since the equilibrium potential is also a function 
of hydrogen pressure, Jo can be expressed as 

Jo = koP~ [8] 

By using the values for jo in Table I and P, it was obtained 
that ko = 8.93 • 10 -18 and ~ = 0.8 for pressure in psia andjo 
in A/cm 2. These data confirm further that the hydrogen ox- 
idation is a slow process, and the reaction order with re- 
spect to hydrogen pressure is unity. 
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Table I. Apparent exchange current densities. 

Pressure (psig) b (V -1) a (mA) Jo (A/cm2) a 

700 15.7684 1.1398 • 10 -2 1.48 • 10 -13 
550 15.0395 1.1329 • 10 -3 1.54 • 10 -13 
400 15.1618 7.615 • 10 -4 1.10 • 10 -13 
300 14.2352 6.995 • 10 -4 1.07 • 10 -1~ 
200 15.0318 3.368 • 10 -4 5.58 • 10 -16 

a The following values were used in calculating these parameters: 
as = 103 cm2/cm ~, xs = 9.075 cm, and A = 4.0 cm 3. The equilibrium 
electrode potential potential for each pressure was calculated 
based on the equation obtained from Fig. 10 

Eeq = -0.8926 - 0.0134 in (P) V 

where the pressure P is psia. 

T h e  a b o v e  ana lys i s  of  t h e  k i ne t i c  da t a  w as  b a s e d  o n  t h e  
a s s u m p t i o n  t h a t  t h e  o x i d a t i o n  of  d i s so lved  h y d r o g e n  is ki-  
ne t i ca l ly  con t ro l l ed  w i t h o u t  a n y  m a s s  t r a n s p o r t  effect.  
S i n c e  t h e  e l ec t rodes  u s e d  w e r e  p o r o u s  a n d  h a d  a h i g h  
specif ic  su r face  area,  t h e  t i 'ue e x c h a n g e  c u r r e n t  d e n s i t y  for  
h y d r o g e n  o x i d a t i o n  on  a flat NiOOH/Ni(OH)2 m a y  be  m u c h  
d i f f e ren t  f r o m  t h o s e  ca l cu l a t ed  above .  I n  o rde r  to  e s t ima te  
t h e  k ine t i c  p a r a m e t e r s  correct ly ,  i t  is i m p o r t a n t  to k n o w  
t h e  d e g r e e  of  m a s s - t r a n s f e r  ef fec t  o n  t he  po la r i za t ion  
curves .  I f  t h e  t h i c k n e s s  of  t h e  e lec t ro ly te  fi lm cove r ing  t h e  
e l ec t rode  a n d  t h e  t r u e  specif ic  su r face  a rea  of  t he  elec- 
t r o d e s  are  k n o w n ,  a m a c r o h o m o g e n e o u s  a p p r o a c h  can  b e  
u s e d  to o b t a i n  t h e  po la r i za t ion  e q u a t i o n  a n d  f u r t h e r  to esti- 
m a t e  t h e  e x c h a n g e  c u r r e n t  d e n s i t y  for  a flat  e lec t rode .  A 
s i m p l e  m o d e l  for  t h e  h y d r o g e n  o x i d a t i o n  p roces s  u n d e r  
s u c h  a n  e x p e r i m e n t a l  c o n d i t i o n  is p r e s e n t e d  in t he  Ap- 
pend ix .  Wi th  t h e  p a r a m e t e r s  l i s ted  in  Tab le  A-1 t h e  ex- 
c h a n g e  c u r r e n t  d e n s i t y  a n d  t r a n s f e r  coeff ic ient  (l~) we re  es- 
t i m a t e d  to b e  3.00 • 10 -16 A / c m  2 a n d  0.425, c o m p a r e d  to 
1.48 • 10-15A/cm 2 a n d  0.405 ca l cu la t ed  w i t h o u t  con-  
s ide r ing  t he  e f fec t  of  m a s s  t ransfe r .  T h e  e x c h a n g e  c u r r e n t  
d e n s i t y  for  a flat  e l ec t rode  is a b o u t  one  o rde r  of  m a g n i t u d e  
smal l e r  t h a n  t h o s e  l i s t ed  in  Tab le  I, b u t  t h e  t r a n s f e r  coef- 
f ic ient  is c lose  to  t h e  t heo re t i ca l  v a l u e  of  0.5 for  t h e  m e c h a -  
n i s m  of  e l e c t r o n  t r a n s f e r  as t h e  con t ro l l i ng  s tep  for  hydro -  
gen  o x i d a t i o n  (13). T h e s e  d i f f e rences  m a y  b e  due  to t h e  
ef fec t  of  m a s s  t r a n s p o r t .  

T h e  e x p e r i m e n t a l  da ta  p r e s e n t e d  so far  i nd i ca t e  t h a t  hy-  
d r o g e n  o x i d a t i o n  is a n  e l e c t r o c h e m i c a l  reac t ion ,  b u t  i t  is 
st i l l  u n c l e a r  w h e t h e r  h y d r o g e n  o x i d a t i o n  occurs  on  t h e  ex- 
p o s e d  n i cke l  s u b s t r a t e  or  o n  t h e  ac t ive  mater ia l .  S ince  a 
n i c k e l  s u b s t r a t e  is s u b j e c t e d  to pos i t i ve  po la r i za t ion  w h e n  
t h e  e l ec t rode  is u n d e r  c h a r g e d  s ta te  a n d  p u r e  n icke l  is n o t  
s t ab le  in  a lka l ine  so lu t ion ,  t h e  sur face  p r o p e r t y  of  a n i cke l  
s u b s t r a t e  m a y  b e  m u c h  d i f f e ren t  f rom t h a t  of  p u r e  nickel .  
There fore ,  i t  is e s sen t i a l  to  m e a s u r e  t h e  h y d r o g e n  oxida-  
t i on  c u r r e n t  o n  a b a r e  n i cke l  s in t e r  a t  d i f f e ren t  po t en t i a l s  
to  d e t e r m i n e  t h e  ef fec t  of  t h e  n i cke l  s u b s t r a t e  on  t h e  self- 
d i scharge .  In  t h i s  se t  of  e x p e r i m e n t s ,  t he  n icke l  s in t e r  
p l a q u e  u s e d  was  also p r o v i d e d  b y  H u g h e s  Ai rc ra f t  Com-  
pany .  T h e  e x p e r i m e n t s  w e r e  s t a r t ed  w i t h  a f resh  ba re  sin-  
t e r  n i c k e l  e l ec t rode  at  i ts  open -c i r cu i t  po tent ia l ,  a n d  t h e  
e l ec t rode  p o t e n t i a l  was  c h a n g e d  s tep  b y  s tep  in  t he  posi-  
t ive  d i rec t ion .  F i g u r e  8 s h o w s  t h e  r e su l t s  of  t h e s e  m e a s u r e -  
m e n t s .  I t  c an  b e  s e e n  t h a t  t h e  h y d r o g e n  o x i d a t i o n  c u r r e n t  
i nc r ea se s  r ap id ly  w i t h  t h e  e l ec t rode  po t en t i a l  f r om the  
open -c i r cu i t  po ten t i a l ,  r e a c h e s  a m a x i m u m  value ,  a n d  t h e n  
dec rea se s  sharp ly .  A pos s ib l e  e x p l a n a t i o n  is t h a t  t he  sur-  
face o f  t h e  e l e c t r o d e  is ox id i zed  to  n i c k e l  h y d r o x i d e  a n d  a 
p a s s i v a t i o n  f i lm is f o r m e d  w h e n  t h e  p o t e n t i a l  b e c o m e s  
m o r e  pos i t i ve  t h a n  -0 .7  V re la t ive  to  t h e  Hg/HgO elec- 
t rode .  S u c h  a p a s s i v a t i o n  f i lm s t rong ly  i n h i b i t s  h y d r o g e n  
ox ida t ion .  I f  t h i s  e x p l a n a t i o n  is t rue ,  i t  fo l lows t h a t  t h e  
n i cke l  s u b s t r a t e  in  a NiOOH/Ni(OH)2 e l ec t rode  w o u l d  n o t  
h a v e  a s ign i f i can t  role  in  t h e  se l f -d i scharge  process .  In  
o t h e r  words ,  t h e  h y d r o g e n  o x i d a t i o n  on  t he  
NiOOH/Ni(OH)2 e l ec t rode  occu r s  p r e d o m i n a n t l y  o n  t h e  ac- 
t ive  mater ia l .  W h e n  t h e  p a s s i v a t i o n  f i lm has  b e e n  fo rmed ,  
i t  is  d i f f icul t  to  r e m o v e  it  e l e c t r o c h e m i c a l l y  or c o n v e r t  i t  
b a c k  to t h e  o r ig ina l  n ickel .  F i g u r e  9 s h o w s  t he  h y d r o g e n  
o x i d a t i o n  c u r r e n t  as  a f u n c t i o n  of  t i m e  at  a po t en t i a l  of  

1 . 4  

_ [ P = 7.oo,:,,,Q 

1.2  A l P "'='''%~ 

~0.8 ~ f" \ 

~o.6 
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0.4 

0 . 2  J ?  

0 I "r ~ ~ a,- ' ----= 
-1 - 0 . 5  0 0 . 5  
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Fig. 8. The steady-state anodic current vs. the electrode potential for 
a bare nickel sinter electrode in hydrogen environments. The solid 
square symbol represents the current for the same electrode after it hod 
undergone o positive polarization up to 0.4 V. No steady state could be 
obtained at a potential more negative than 0.75 V if the electrode has 
been polarized at a positive potential. 

-0 .8  V for  a ba r e  n i c k e l  s i n t e r  w h i c h  was  p rev ious ly  polar-  
ized. T h e  c u r r e n t  c o n t i n u o u s l y  i nc r ea se s  w i t h  t ime,  b u t  
v e r y  slowly.  Th i s  s low inc rea se  in  t h e  c u r r e n t  is e x p l a i n e d  
as a s low c o n v e r s i o n  p roce s s  of  n i cke l  h y d r o x i d e  in to  orig- 
ina l  n i cke l  w h i c h  e n a b l e s  t h e  su r face  to ga in  g radua l ly  cat- 
a ly t ic  ac t iv i ty  for  h y d r o g e n  ox ida t ion .  In  c o n t r a s t  to  th i s  
s low i n c r e a s e  in  t h e  cu r r en t ,  t h e  c u r r e n t  w o u l d  d e c r e a s e  
a n d  r e a c h  s t e a d y  s ta te  w i t h i n  a b o u t  3 h for  a f r e sh  elec- 
t rode .  

A l t h o u g h  t h e  sur face  p r o p e r t y  h a s  c h a n g e d  af te r  t h e  
n i c k e l  s i n t e r  is polar ized ,  t h e  open -c i r cu i t  po t en t i a l  is n o t  
a f fec ted  as s h o w n  in  Fig. 10. The  open -c i r cu i t  po t en t i a l s  
we re  a l m o s t  t h e  s a m e  be fo re  a n d  af te r  t h e  e l ec t rode  was  
oxidized.  T h e  exce l ] an t  l i nea r  r e l a t i o n s h i p  b e t w e e n  t h e  
l o g a r i t h m  of  t h e  open -c i r cu i t  p o t e n t i a l  a n d  t he  h y d r o g e n  
p r e s s u r e  a n d  t h e  f i t t ing  v a l u e  of  t h e  s lope  (0.0134 V at  r o o m  
t e m p e r a t u r e )  i n d i c a t e  t h a t  t h e  open -c i r cu i t  po t en t i a l  
ag rees  wel l  w i t h  t h e  t heo re t i c a l  e q u a t i o n  for  t h e  equi l ib -  
r i u m  p o t e n t i a l  of  h y d r o g e n  r e d o x  

RT 
Eeq= E~ nFlnP [10] 

w h e r e  n is e q u a l  to  2 a n d  h y d r o g e n  gas  b e h a v e s  l ike  a n  
idea l  gas. 
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Fig. 9. The onodic current as a function of time at E = - 0 . 8  V for 
the bare nickel sinter electrode at two hydrogen pressures. The elec- 
trode was previously polarized at 0.35 V for 2 h. 
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Fig. 10. The steady-state potential vs. pressure for the bare nickel 
sinter electrode on open circuit in hydrogen environments. The open 
square symbol represents the potentials of a fresh electrode, the solid 
triangle symbols represent potentials obtained after the electrode sub- 
jected to a positive polarization. 
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Fig. A- I .  A schematic view of the hydrogen oxidation process on the 
nickel electrode. 

Conclusions 
A constant potential method has been shown to be an ef- 

fective tool to determine directly the self-discharge rate of 
the NiOOH/Ni(OH)2 electrode under  various conditions. 
The self-discharge of the NiOOH/Ni(OH)2 electrode in a hy- 
drogen environment  is mainly due to electrochemical oxi- 
dation of dissolved hydrogen with simultaneous reduction 
of nickel oxyhydroxide. Oxygen evolution which is con- 
siderable only at high potentials, contributes little to the 
self-discharge. The hydrogen oxidation occurs predomi- 
nant ly  on the active material and is a first-order reaction 
with respect to hydrogen pressure. The oxidized form of 
the nickel substrate shows a great inhibit ion to the electro- 
chemical oxidation of dissolved hydrogen. 

Acknowledgments 
This work was financed by the Hughes Aircraft Com- 

pany and the NASA Center for Space Power at Texas 
A&M University. Valuable discussions with Dr. Hang Lim 
of the Hughes Aircraft Company are gratefully acknowl- 
edged. Some assistance in the experiments from Mr. Jun- 
bom Kim of our research group is appreciated. 

Manuscript submitted June  28, 1991; revised manuscript  
received Nov. 27, 1991. 

T e x a s  A & M  U n i v e r s i t y  a s s i s t e d  in  m e e t i n g  the  p u b l i c a -  
t i o n  cos t s  o f  t h i s  ar t i c le .  

APPENDIX 

Estimation of the Exchange Current Density 
Dissolved hydrogen is oxidized at the NiOOH/Ni(OH)2 

electrode according to the reaction 

H2 + 2 OH- 2e--* 2H20 [A-l] 

The reaction at the counterelectrode (nickel screen) must  
be hydrogen evolution, the reverse of [A-l]. It is reasonable 
to assume that the concentration of dissolved hydrogen at 
the interface between the electrolyte/hydrogen gas phase 
and at the counterelectrode is at equilibrium with its gas 
pressure. Figure A-1 shows a schematic of the hydrogen 
oxidation process under  this experimental  condition. 

Since the current  passing through the cell is relatively 
small and no external force would cause the electrolyte to 
flow, the dissolved hydrogen transfer from the gas-electro- 
lyte interface to the NiOOH/Ni(OH)2 electrode may be only 
due to diffusion. Therefore, Fick's equation is used. In  the 
electrolyte film (0 < x < x~) and in the separator (Xz + x~ < 
x < xz + xs + Is), the dissolved hydrogen is neither pro- 
duced nor consumed. The diffusion equations for these re- 
gions at steady state are as follows 

d2C 
D ~ = 0 0 < x < xl [A-2] 

d2C 
D2 .-=--:= 0 x t + x s < x < x t  + xs  + ls 

d ~  ~ 
[A-3] 

where the symbols, D and D2, represent the effective diffu- 
sion coefficients of dissolved hydrogen in the electrolyte 
film and in the separator, respectively. The dissolved hy- 
drogen is oxidized while it diffuses within the electrode. 
Consequently, the diffusion equation becomes 

d2C a~ 
Dt - -  - 0 [A-4] 

d x  ~ 2F 

where D1 is the effective diffusion coefficient in the elec- 
trode and a~ is the electroactive surface area per uni t  vol- 
ume of the nickel electrode. Both D1 and as may change 
with the state of charge or the electrode potential. How- 
ever, they are assumed here to be constant for simplicity. 
The symbol j represents the current density due to hydro- 
gen oxidation, which may be expressed by the equation 

C 
J = Joref ( - - ~ ,  \Cref/exp I R T  [ ~ F ( E  - E,ef)] [A-5] 

The analytical solution of the above equations can be 
easily obtained for the constant boundary condition, 
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Fig. A-2. The hydrogen oxidation current as a function of the elec- 
trode potential for the NiOOH/Ni(OH)2 electrode in a hydrogen envi- 
ronment, P = 700 psig. The dashed line represents the best fit by 
Eq. [4], and the solid line represents the best fit by Eq. [A-7], using the 
parameters in Table A-1. 
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Table A-I. Input parameters. 

A 4.0 cm 
a~ 1.0 • 103 cm2/cm a 
Co =6.86 x 10 -7 P 

exp [(-0.315 x 8.0)] moYcm 3, P in atm (14) 
Cref = Co 
D 1.5 • 10 -s cm2/s 
D1 =De 1's 
D2 =De ~'s 

s 

F 96,487 C/mol 
io,ref 2.90 • 10 -16 A/cm 2 
P 714.696 psia 
R 8.314 J/mol-K 
T 295.15 K 
Xl 10 ~m 
x~ 0.075 cm 
l~ 0.01 cm 

0.425 
ee 0.65 
e~ 0.75 

C = Co, at both x = 0 and x = x, + x~ + Is. The concentra- 
tion distribution in the NiOOH/Ni(OH)2 electrode is given 
as follows 

where x varies from 0 to xs and 

f ~  - _ _  

A _  _ _  

[A-6] 

B -  ajo,~ef exp F'F(E- Eref)] 
2FD1Cr~f L RT 

D D2 

o (o) 
exp (-X/Bx~) +/~D-D-D-D-D-D-D-D-D~ i + xlD-~-~ 

D2 

xiDi~rB + 

exp (-V~x~) I~D1VB 

D D2 ')(1 
Dz 

1) 

where l~ and x~ represent the thickness of the separator 
and the electrolyte film, as shown in Fig. A-1. 
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09 "'''''?''''''''" .................. 
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Fig. A-3. Predicted concentration distributions for dissolved hydro- 
gen. The parameters used are listed in Table A-1. 

The total current for a given potential equals the integra- 
tion of the transfer current density multiplied by the geo- 
metric projected surface area 

i = Aas J: s jdx-  AaSi~176 exp [_RT[ ~F (E- E~f)] 

f2 [exp(-V~x~) - 1]} [A-7] [ ~  [exp(-X/Bx~)- 1 ] - ~  

where A represents the total projected surface area (4 cm2). 
Since the polarization equation derived is quite compli- 

cated, it is difficult to discuss the potential-current rela- 
tionship without plotting the equation. Figure A-2 repre- 
sents such a plot in which the parameters listed in Table 
A-1 were used and io,~f and ~ are the values giving Eq. [A-7] 
the best fit to the experimental  data. Although the fitting 
curves by ~q. [A-TJ and [4J almost overlap in the low poten- 
tial region, the two curves deviate from each other in the 
high potential region, possibly because of the mass trans- 
port effect. Figure A-3 shows the predicted concentration 
distribution for dissolved hydrogen at different potentials. 
It can be seen that depletion of the dissolved hydrogen 
concentration in the electrode is appreciable when the 
electrode potential is increased. 

LIST OF SYMBOLS 
A projected nickel electrode surface area, cm 2 
a pre-exponential constant in Eq. [4], mA 
as electroactive surface area per unit  volume of the 

nickel electrode, cm2/cm 3 
b Tafel slope given in Eq. [4], V -1 
C concentration of dissolved hydrogen, mol/cm 3 
Co the concentration of dissolved hydrogen at the in- 

terface between hydrogen gas and the electrolyte, 
moYcm 3 

C~f reference concentration of dissolved hydrogen, 
moYcm ~ 

D effective diffusion coefficient of dissolved hydro- 
gen, cm2/s 

D1 effective diffusion coefficient of dissolved hydro- 
gen in the nickel electrode, cm2/s 

DR effective diffusion coefficient of dissolved hydro- 
gen in the separator, cm2/s 

E the nickel electrode potential in solid phase, V 
Eref the equil ibrium electrode potential for hydrogen 

oxidation at a reference state, V 
Eeq. the equil ibrium electrode potential for hydrogen 

oxidation at a given hydrogen pressure, V 
E~q. the equil ibrium electrode potential for hydrogen 

oxidation at a hydrogen pressure of 1 atm, V 
F Faraday constant, 96,487 C/mol 
i total current, mA 
Jo exchange current density for hydrogen oxidation 

evaluated at a given hydrogen pressure, A/cm 2 
Jo,~ef exchange current density for hydrogen oxidation 

evaluated at a reference state, A/cm 2 
j local current density due to hydrogen oxidation, 

A/cm ~ 
ls separator thickness, cm 
K reaction rate constant for hydrogen oxidation in 

Eq. [6], AJcm~-psia -~ 
ko reaction rate constant for hydrogen oxidation 

given in Eq. [8], AJcm2-psia -~ 
P hydrogen pressure, psia 
R universal gas constant, 8.314 
T temperature, K 
x spatial coordinate, cm 
x~ the nickel electrode thickness, cm 
Xl the thickness of an electrolyte film covering the 

nickel electrode, cm 
a reaction order with respect to hydrogen pressure 

given in Eq. [5] 
anodic transfer coefficient for hydrogen oxidation 
reaction order with respect to hydrogen pressure 
given in Eq. [8] 

ee the porosity of the nickel electrode 
e~ the porosity of the separator 
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Electroless Ni-P Deposition on Silicon with Pd Activation 

Valery M.  Dubin 

Minsk Radioengineering Institute, 220600 Minsk, Byelorussia, Union of Soviet Socialist Republics 

ABSTRACT 

The electroless Ni-P deposition on silicon with Pd activation was investigated by Rutherford backscattering spec- 
trometry (RBS) and electron microscopy. An "RBS double-layer" structure SiPdNiP/NiP with different composition was 
simulated to evaluate the composition profiles of the films produced by electroless NiP deposition with Pd activation. 
During deposition on Si with Pd activation, the initially formed NiP alloy was found to contain approximately two times 
more P than that formed after long deposition times. To explain the distribution of P in NiP alloy suggested that the cata- 
lytic properties of the surface change during the deposition process. The thickness of the SiPdNiP layer also changes dur- 
ing NiP deposition. It  was observed that the maximum thickness of SiPdNiP layer ranges from 2400 to 2500 A. Contact 
hole to silicon device with a 0.5 ~m depth p-n junctions and a 1.5 ~m nominal  sizes were filled by NiP after Pd activation. 
The contact resistivity on n-type silicon (Rs = 40 + 10 ~2/[:] and N = 3 - 10 TM cm -3) was in the 10 -8 f~ - cm 2 range after a 450~ 
nitrogen anneal ing cycle for 30 min. 

Investigations of electroless Ni-P deposition on silicon 
with Pd activation are very important  not only from the 
academic point  of view for a better understanding of 
mechanisms of electroless Ni-P deposition, but  also from a 
technological point  of view because Ni-P films can be ap- 
plied for ohmic contacts with silicon in semiconductor de- 
vices and for contact filling in very large scale integrated 
(VLSI) chips (1). It is now generally agreed that electroless 
and electrodeposited Ni-P films are not homogeneous but  
consist of regions with different phosphorus contents and 
structures (2-5). The variation in composition has previ- 
ously been explained in terms of the fluctuations of the pH 
at the alloy/electrolyte interface during the deposition. 
However, whatever the reasons are, the fluctuations of the 
pH at the alloy/electrolyte interface occur during the depo- 
sition process and the question remains as to why in some 
cases narrow layers of different composition appear paral- 
lel to the NiP/substrate interface. The answers to these 
fundamental  questions have not been found yet. 

Pd is widely used in order to activate dielectric, semi- 
conductor, or metal surfaces before electroless metal dep- 
osition. However, the role of the Pd activation process and 
Pd catalytic properties with respect to the reactions of Ni 
and P reduction still remains largely unclear. Investiga- 
tions of the P distribution in the Ni-P alloy obtained after 
Pd activation has not previously been reported. Last but  
not least, for technological purposes it is necessary to 
know how the thicknesses of the layers obtained by elec- 
troless NiP deposition on silicon with Pd activation and 
their composition depend on the specific experimental 
conditions. 

Experimental 
High-purity n-type silicon (0.05 ~2 �9 cm) with dimensions 

of 10 • 10 • 0.4 mm and with class 14 of surface roughness 
were used as substrates. The silicon surface was activated 

before Ni-P deposition. The composition of a Pd activation 
solution is given in Table I. Bath compositions for Ni-P 
deposition are given in  Table II. 

Using high-resolution transmission electron microscopy 
(TEM), structural investigations of NiP films were per- 
formed. Amorphous structures were identified from struc- 
tureless micrographs indicating lack of crystalline grain 
boundaries and the absence of crystalline diffraction rings. 
The compositions and total thicknesses of NiP films were 
determined using Rutherford backscattering spectrome- 
try (RBS). The compositions and the thicknesses at vari- 
ous depths were estimated using a simulation program 
and comparison with the experimentally obtained RBS- 

Table I. Composition of the Pd activation solution. 

Chemicals Concentration (ml- 1-1) 

PdC12 1 g �9 1-1 
HC1 1 
HF (48%) 449 

Table II. Bath compositions and conditions for NiP alloy deposition. 
Parameters for deposition: temperature, 50~ pH = 6.0 and 5.4; 

deposition time, 15 to 120 s. 

Chemicals Concentration (g �9 1-1) 

NiC12 - 6H~O 15 
CH3COOHNa - 3H20 10 
NH4C1 50 
NaI-I2PO2 �9 H20 30 
NF (48%) 14 ml- 1-1 
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