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Results of  microcalorimetric experiments, in relation to self-discharge in Ni /H 2 batteries are reviewed; 
the mechanism of self-discharge, as well as possible methods for its inhibition, are discussed. These 
studies indicate that: (i) the self-discharge is due to a direct reaction of  hydrogen with the charged 
active material (nickel oxide); (ii) the presence of  metallic nickel sinter particles does not  affect the 
reaction rate; (iii) the reaction rate depends linearly on hydrogen pressure indicating that  the reaction 
is first order with respect to hydrogen; (iv) the reaction rate is higher under  starved-electrolyte rather 
than flooded electrolyte conditions, indicating that the rate is affected by a diffusion process of  
dissolved hydrogen; and (v) the microcalorimetric heat evolution rate correlates with that of  a 
decrease in electrode capacity due to the self-discharge reaction. The effects of  additives to the active 
material of  the nickel electrode were tested as an approach to reduction of  the intrinsic rate of  
self-discharge. An alternate method for minimizing this rate is by storing the hydrogen as a 
hydride and thereby lowering the cell operating pressure. Some alloys were thus examined for 
their hydriding/dehydriding characteristics. 

1. Introduction 

The nickel-hydrogen (Ni/H2) battery is currently the 
most reliable secondary battery for space and other 
high power applications. An extremely long cycle 
life (up to 40000 cycles at 80% depth of discharge) 
has been demonstrated [1]; its specific energy is 
approximately 40Whkg -1 [2]. A Ni/H2 battery can 
be overcharged for an extended period of time and 
overdischarged for a short duration without serious 
damage [3]. It also has the desirable feature of a 
built-in state-of-charge indicator for the cell pres- 
sure. The disadvantages of the Ni/H2 battery are its 
relatively high self-discharge rate and low volumetric 
energy density, which thus makes it unsuitable for 
some applications. An understanding of the mecha- 
nism of the self-discharge reaction will be of value in 
attempts to minimize its rate. It is also necessary to 
investigate methods of increasing the volumetric 
energy density. The reaction of hydrogen with the 
charged active material (nickel oxide) of the nickel 
electrode controls the rate of self-discharge in 
the Ni/H2 celt. At the typical operating pressures 
(30-50 atm), a Ni/H2 cell will lose 50% of its capacity 
in approximately ten days at 20 °C [4]. According to 
some publications, the self-discharge rate of Ni/H2 

cells is a first order chemical reaction with respect to 
hydrogen gas pressure [5, 6]. Anotfier publication 
suggests that the self-discharge depends not only on 
hydrogen gas pressure but also on the amount of 
undercharged nickel oxyhydroxide [7]. Although the 
self-discharge rate can be reduced by lowering the 
cell operation pressure, this approach causes an 
increase in cell volume, and hence reduces the volu- 
metric energy density of the cell. This option is thus 
not viable for many applications. The self-discharge 
reaction mechanism was previously investigated in 
our laboratory by microcalorimetry [8-10]. 

One approach to reduce the self-discharge rate, 
which is due to the intrinsic reaction between 
hydrogen and nickel oxyhydroxide (NiOOH), is by 
using additives to the electrode materials. Another 
approach is to lower the hydrogen pressure in the 
battery by using a hydrogen absorbing alloy. This 
approach was previously explored by using LaNi s 
as the hydrogen storage alloy in a Ni/H2 cell [5, 
11]. The alloy, LaNis, has attractive absorption/ 
desorption isotherm characteristics [12], but it 
presents some problems due to its long term chemical 
instability [11, 13], especially in a Ni/H 2 cell environ- 
ment, and its mechanical instability during cycling 
[12]. Over 1000 charge/discharge cycles have been 
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demonstrated [14]. However, to determine the fea- 
sibility of this approach for a long-fife application 
(such as for satellites), it is important to elucidate: 
(i) the discharge rate capability of the Ni/H2 battery 
under reduced pressure conditions; (ii) the equilib- 
rium hydrogen gas pressure and hydrogen absorp- 
tion/desorption rate capability of hydride alloys 
(MHx); and (iii) the chemical stability of alloy 
material in the cell environment. 

This paper presents the results Of (a) micro- 
calorimetric experiments to elucidate the Self- 
discharge mechanism, (b) microcalorimetric studies 
of the self-discharge rates of nickel electrodes con- 
taining additives, and (c) a preliminary evaluation 
of hydrogen storage alloys to reduce the pressure of 
hydrogen in the Ni/H2 battery. 

Hg/HgO in 31% KOH solution. The electrode 
capacity was approximately 0.16 Ah. 

The limiting discharge rate capability of a Ni/H2 
cell, under reduced cell pressure, was evaluated at 
various discharge rates and cell pressures using a 
6 Ah boiler-plate cell, which was made of commercial 
space-cell quality electrodes and other cell compo- 
nents. The cell pressure was held at a constant value, 
during discharge, by connecting the cell to a large 
volume pressure chamber (about 100 times the cell 
void volume). Hydrogen absorption-desorption of 
the hydrogen storage alloys was measured using a 
modified version of Sievert's apparatus. Hydrogen 
absorption capacities of the alloys were calculated 
from the results of the isotherm measurements using 
the P -  V-  T relationship. 

2. Experimental details 

Microcalorimetric experiments were carried out in a 
Hart Scientific model 5024 isotherm differential 
heat-conduction calorimeter with a noise-level below 
0.3pW, and a precision better than 1 pW. Tem- 
perature fluctuations of the water bath in the micro- 
calorimeter were less than 0.0005 °C. Nickel oxide/ 
oxyhydroxide electrodes, of the sintered type, were 
prepared by an electrochemical impregnation 
process, and contained cobalt as an additive 
(approximately 10%) in the active material [15], 
unless stated otherwise. Electrodes, with additives, 
were also prepared by an electrochemical impreg- 
nation using Ni(NO3)2 electrolytes with the desired 
additives (approximately 2 M in total metal concentra- 
tion) in a 1:1 ethanol-water solution. The impreg- 
nation was carried out at a current density of 
93 mAcro -2 for 2h at or near the boiling point of 
the solution. The metal additive concentration 
ranged from 2.5 to 10% of total metal. Most samples 
had 10% Co in addition to other metallic additives, 
i.e., Fe, Cd, Mg, Sn, Bi and Pb. To produce the 
active material, the electrodes were subjected to four 
complete charge/discharge cycles in 20% KOH at a 
current density of 120 mA cm -2. Powder samples of 
/3 and 7-phase nickel oxides for the microcalorimetric 
studies were prepared from nickel electrodes, which 
were charged under different conditions [8, 9, 16], by 
grinding and magnetic separation of nickel metal 
from an aqueous slurry. The presence of /3 and 
7-phases was confirmed by X-ray diffraction (XRD). 
Nickel metal powder samples were obtained by 
breaking up and grinding the nickel substrate. 

The electrochemical cells consisted of a positive 
(nickel oxide/hydroxide) electrode, a negative (Pt 
catalysed hydrogen) electrode, a separator and a 
gas-screen, as previously described [9]. The nickel 
electrode area was 6.25 cm 2. Nickel wires were spot 
welded to the electrodes for electrical connection. 
Before use, the nickel electrodes were cycled 
three times by charging at C/2 for 2h and then 
discharging at the C/2 rate to - 1 . 0 ¥  against 

3. Results and discussion 

3.1. Microcalorimetric studies 

3.1.1. Identification of self-discharge reaction. To 
identify the self-discharge reaction in a Ni/H2 cell, 
the rates of heat generation due to the reactions of 
hydrogen with various constituents of the nickel 
oxide electrode, (i.e., discharged active material 
(Ni(OH)2), charged active material (NiOOH), the 
metallic nickel substrate, and a combination of 
these), were investigated using the microcalorimetric 
technique. Typical experiments were carried out 
using approximately 0.2g of sample in a sealed 
nickel tubular cell containing 0.5 cm 3 of 31% KOH 
electrolyte solution. Rates of hea t  evolution from 
the reactions of hydrogen with the charged active 
material (NiOOH), the metallic nickel substrate, and 
the nickel electrode, which contained both the active 
material and the substrate, respectively, are shown 
as a function of hydrogen pressure in Fig. 1. Each 
data point was taken after an 8 to 10 h reaction time 
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when a quasisteady state was reached. These results 
clearly indicate that the reaction rate of  hydrogen 
with the metallic nickel substrate is negligible 
compared to that with NiOOH, or with NiOOH 
plus the substrate material [8, 9]. The difference in 
the rates of  the latter two reactions was minor, 
indicating that the self-discharge reaction is due to 
the direct reaction of hydrogen with the charged 
active material (NiOOH). The rate of  heat evolution 
from the NiOOH powder increased roughly linearly 
with the hydrogen pressure over the range of  10 to 
47 atm. 

To eliminate the possibility of  heat evolution from a 
reaction of the discharged active materials, micro- 
calorimetric measurements were also performed 
using a discharged nickel electrode sample and also 
a chemically prepared nickel hydroxide (fl-Ni(OH)a). 
Heat evolution rates from these samples, at a 
hydrogen pressure of 47 atm at 25 °C, are compared 
with that for a charged electrode in Fig. 2. As 
expected, the heat evolution rate for the chemically 
prepared nickel hydroxide was negligible. The small 
amounts of  heat from the electrochemically 
discharged electrode might be due to its incomplete 
discharge [17]. 

120 

3.1.2. Electrode heat evolution rate under flooded and 
starved electrolyte conditions. To study the effects o f  
diffusion of  dissolved hydrogen in the electrolyte on 
the self-discharge rate, the microcalorimetric heat 
evolution rates from the electrodes were measured 
under various electrolytic conditions of  the samples, 
as described below: 

(a) Flooded: The electrode sample was fully immersed 
in the electrolyte in the microcalorimeter cell cavity. 
(b) Soaking wet: Electrodes were presoaked in elec- 
trolyte, blotted with Whatman no. 40 filter paper to 
remove excess electrolyte and then a controlled 
amount  (3 drops) of electrolyte was added to the 
microcalorimeter cell to make the sample (1.5cm 2) 
soaking-wet but not flooded. 

Fig. 2. Plots of heat evolution rates vs. the reaction 
time for (a) charged flight cell-type nickel electrode, 
(b) discharged flight cell-type nickel electrode, (c) a 

150 bare sintered nickel substrate material, (d) chemically 
prepared Ni(OH)2. 

(c) Starved wet: Similar to (b), but without addition of  
extra electrolyte after blotting. 
(d) Dried: Sample in condition (a) was dried at 80 °C 
for 7 h (to a constant weight). 

The effect of  the above-mentioned electrolytic 
conditions on self-discharge rates, as measured by 
microcalorimetry at 47atm of  hydrogen pressure 
and at 25 °C, are shown in Fig. 3. The overall self- 
discharge is represented by: 

b~iOOH + ½H2 ---* Ni(OH)2 (1) 

The enthalpy change for this reaction is 
-144.85 kJmo1-1 at 25 °C [9, 18]. The capacity losses 
of  the electrodes, due to the self-discharge reaction 
over a 24h period, were determined to be approxi- 
mately 3% under condition (a), 6% under (b), and 
over 12% under condition (c). These results indicate 
that the diffusion of  dissolved hydrogen, in the elec- 
trolyte, towards the active material in the electrode 
partially limits the reaction rate. Under condition 
(a), the rate of  heat evolution varied linearly with 
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Fig. 3. Effects of the state of wetness (in 31% KOH) of an electrode 
on the heat evolution rate from flight cell-type nickel electrodes at a 
hydrogen pressure of 700 psig and 25 °C. Electrode area 1.5 crn 2. (a) 
Flooded state, (b) fully wet state, (c) starved state, and (d) dried 
state. 
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hydrogen pressure, supporting the view that the reac- 
tion is diffusion-limited. The lower rates of heat evolu- 
tion under condition (d), compared with condition (c), 
show that the presence of water accelerates self- 
discharge. The appreciable rate of heat evolution 
under condition (d) may still be due to traces of water 
in the extremely hygroscopic solid KOH. 

3.1.3. Effect of  hydrogen pressure on rates of  heat 
evolution and self-discharge. Measurements were 
performed on the electrode in the 'starved wet' state 
(C). The extent of self-discharge was determined 
from the difference in the capacities of the electrode 
in the fully charged state and after it was subjected 
to the microcalorimetric experiments. The capacities 
were determined, in 31% KOH, by discharge at C/2 to 
-1.0V vs Hg/HgO. The heat evolution rates due to 
self-discharge were recorded in the microcalorimeter 
over a period of two to three days. The procedure 
was carried out for different pressures using the 
same electrode samples, each of which had a capacity 
of about 40 mA h. Following these measurements, the 
electrodes were blotted with filter paper and placed in 
the microcalorimeter at a desired hydrogen pressure 
for an 8 and a 24 h monitoring of heat evolution. 
The remaining capacities were then measured, as 
described above. Figure 4 shows a log-log plot of 
the heat evolution rate against hydrogen pressure 
after 8 and 24h periods. The slopes of the lines in 
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Fig. 4. Rate of heat generation after 8 h (a) and after 24 h (b) against 
pressure of hydrogen. Nickel oxyhydroxide containing 10% Co, 
electrode area 1.5 cm 2, electrode dried with filter paper, 25 °C. 

Fig. 4 are almost identical, and have a value of 0.8. 
This value is reasonably close to unity, which is 
presumably the reaction order with respect to hydro- 
gen. After an 8 h exposure of NiOOH to hydrogen, 
there is a deviation from this behaviour at higher pres- 
sure, leading to only a small effect of pressure on the 
heat evolution rate. However, after 24h, a linear 
dependence occurs even at high pressures, but the 
line is shifted from that at lower pressures. There is 
no explanation for this behaviour at this time. The 
total heat generated in a 24h period at different 
pressures was used to determine the rate of self- 
discharge, as represented by Reaction 1. The rates of 
self-discharge, as a function of pressure of hydrogen, 
estimated from measurements of the total heat 
generated and from the electrochemical capacity 
measurements before and after microcalorimetry, 
are in agreement as shown in Fig. 5. The results 
confirm our previous conclusions that the micro- 
calorimetric technique is useful for determining self- 
discharge rates. 

To determine the variation of heat evolution with 
hydrogen pressure, the activity of NiOOH must be 
maintained as close to unity as possible. This was 
achieved by using short exposure times of the sample 
to hydrogen. The experimental data of heat genera- 
tion rate against pressure exhibit a linear behaviour, 
as seen in the regression fit in Fig. 6, only at lower 
hydrogen gas pressure. The intercept on the ordinate 
is not equal to zero, which probably is due to the 
decomposition of the higher oxides, according to the 
reactions: 

NiO2 + OH- > NiOOH + 02 + e- (2) 

NiOOH + OH- , Ni(OH)2 + 102 + e- (3) 

The microcalorimetric technique is thus also useful in 
analysing the contributions of the reactions of higher 
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Fig. 6. Rate of heat generation after 3 h as a function of the hydro- 
gen pressure for a nickel oxyhffdroxide electrode containing 10% 
Co. Area of electrode: 1.5 cm ", electrode dried with filter paper, 
25 °C. Straight line is as expected from regression analysis. 

nickel oxides (oxidation number >3) to the overall 
heat evolution. Reactions 2 and 3 produce heat in 
the first few hours because of the electrodes being 
in an overcharged state. Such an explanation is vali- 
dated by the results of capacity measurements, which 
show that the capacities of the electrodes in the 
absence of hydrogen gas are larger during the first 
two hours after overcharge, but remain constant 
over the next 24 h under open circuit conditions. For 
this reason, all initial capacity results discussed in 
this paper were measured 2 h after the end-of-charge. 

3.1.4. Effect of the structure of  nickel hydroxide on 
heat evolution rate. The effect of the structure of 
NiOOH on the rate of heat evolution was investi- 
gated. A chemical procedure, by oxidation of nickel 
nitrate with K2S208 in KOH solution at room 
temperature, was used to prepare fl-NiOOH. A 
sample of 7-NiOOH was obtained by direct oxida- 
tion of nickel nitrate with Br2 + NaOH [9]. Both 
compounds were dried at 80 °C for two days, and 
characterized by XRD. The 7-phase exhibited a 
higher rate 6f heat evolution than the t-phase. Nickel 
oxide electrodes were oxidized to the 7- or fl-NiOOH 
state using the following procedures: (i) charging the 
electrode at the C/2 rate for 4h in 36% KOH to 
obtain 7-NiOOH as the predominant phase; and 
(ii) charging the electrode in 26% KOH electrolyte 
at the C/2 rate for 2h 20rain. to form the /3- 
NiOOH. The electrodes were then cut to an 
area of 1.5cm 2 before insertion into the micro- 
calorimeter cell. The rate of heat evolution from the 
7-phase was higher than that from the t-phase for 
these electrochemically-prepared samples, as was for 
the chemically-prepared materials. 

Nickel oxyhydroxide (NiOOH.3H20), purchased 
from Aldrich Chemical Company, was dried at 
120 °C for different periods of time to obtain samples 
with varying degrees of water of hydration. The 

percentage of water removed was determined by 
weight loss. In one case, all hydrated water in the 
sample (37% by weight) was removed, while in 
another case only an equivalent of 20wt % was 
removed. The partially dehydrated sample generated 
more heat than the fully dehydrated material, which 
was in turn higher than from the 'as-received' 
sample. Figure 7 shows the rate of heat evolution 
after 8h and 24h for a 0.2g sample of the 'as- 
received' material as a function of hydrogen gas 
pressure. The slopes of these plots are close to 0.7, a 
value which is nearly the same as in the plots for the 
nickel oxyhydroxide electrodes (Fig: 4). The total 
heat generated in 24 h at different pressures was used 
to determine the rate of self-discharge assuming 
Reaction 1. The amount of self-discharge is again 
the same as that of the NiOOH electrode. This experi- 
ment demonstrates that the reduction of NiOOH 
takes place in the absence of electrolyte. These experi- 
ments provide evidence for the chemical reduction of 
NiOOH with hydrogen gas being the self-discharge 
reaction. 

3.2. Heat evolution rate and self-discharge rate 

Heat evolution rates due to the reaction of active 
NiOOH with hydrogen show a gradual decrease 
with time at a constant hydrogen gas pressure. This 
reflects the change of the amount of active material 
in the electrode as a function of time. Hence, self- 
discharge can be treated as a homogeneous chemical 
reaction, i.e., 

NiOOH + 1H 2 > Ni(OH)2 (4) 

Assuming that the above reaction is first order with 
respect to NiOOH, 

A = [Ao] e -kt (5) 

where A is the activity of nickel oxyhydroxide and A0 
is its value at time t --- 0. It follows from Equation 5 
that for a first order reaction [A] the heat evolution 
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Fig. 7. Heat generation rates at 8 h (V) and 24h (<~) as a function of 
hydrogen pressure for 'as-received' nickel peroxide. 
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rate (J), should decrease exponentially with time. 
Using the method of least squares, the experimental 
data fitted the equation: 

f ( t )  = a + b e  - a  (6) 

where a, b and c are constants, t is the time andf ( t )  
represents the rate of generated heat. Figure 8(a)-(c) 
presents experimental results of the rate of heat 
generation against time for (a) chemically prepared 
7-NiOOH (0.2 g, 56 mA h capacity), (b) an electrode 
prepared by electrochemical impregnation of a dry 
sinter, and (c) Aldrich nickel oxide hydrate (0.2 g). 
Also shown in these figures are the theoretical plots 
based on Equation 6, as well as of the differences 
between the experimental and theoretical plots. The 
results in Fig. 8(a) and (b) show excellent agreement 
between the experimental and fitted values, while the 
agreement is somewhat less satisfactory in Fig. 8(c). 

3.3. Effect  o f  additives on self-discharge rates 

Additives to electrodes, tested in our laboratory, were 
Co, Cd, Fe, Mg, Zn, Pb, Bi and Sn. Calorimetric 
data from aerospace type nickel electrodes, containing 
various additives, including a combination of Co and 
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Cd, were summarized in previous publications [8, 10]. 
In this study additives were impregnated into the 
nickel oxide electrodes with cobalt (approximately 
10%) by two different methods: (i) chemical precipita- 
tion using approximately I0 repeated immersions for 
5s each time in 2M M(NO3)x (M = Sn, Bi and Pb) 
and 31% KOH or (ii) cathodic electrodeposition in 
a M(NO3)x bath for 5min at 13mAcm -z. The addi- 
tives Bi, Sn or Cd appear to reduce the self-discharge 
rate by approximately 20%. However, these results 
demonstrate a relatively minor beneficial effect of 
these additives; further exploration of the additives 
for nickel oxide electrodes in Ni/H 2 cell does not 
seem warranted. 

3.4. Studies on alloys f o r  hydrogen storage 

Another approach to reduction of the self-discharge 
rate of a Ni/H2 cell is by use of a hydrogen absorbing 
alloy in the cell for hydrogen storage. The main objec- 
tive of this approach is to reduce the operating pres- 
sure in the cell without changing the inherent 
characteristics of the electrochemical reactions. One 
of the critical cell characteristics in this approach is 
the discharge rate capability of the cell under reduced 
pressure. Discharge rates in a Ni/H2 cell are limited 
by the rate of hydrogen supply to the negative elec- 
trode, and the purpose of this study was to evaluate 
such rates in cells using alloys for hydrogen storage 
at relatively low pressures. 

3.4.1. Limit ing discharge rates o f  a N i / H  2 cell at 
reduced H2 pressures. Discharge voltages of a boiler 
plate Ni/H 2 cell (6Ah) at 4.55A, from the 25% 
state of charge, were measured as a function of time 
at various pressures between 0.02 and 0.1 atm and 
at ambient temperature (20°C). The cell voltages 
started to drop instantaneously when the cell pres- 
sure was 0.04atm or below. But the voltages were 
sustained over 60s when the pressure was 0.04 arm 
or above. Cell voltages, as a function of discharged 
amounts from a fully charged cell (during high 
current (10 to 50 A) discharges at 1 atm and ambient 
temperature) were compared with those i n  the 
conventional Ni/H2 cell at an operating pressure (of 
40 atm in the fully charged state). Cell voltages at 
the 50A discharge rate were sustained at a useful 
voltage for only 10 to 15 s after which it started to 
drop rapidly. However, when the discharge current 
was lowered, for example to 30 to 40A, the useful 
capacity was increased significantly. Cell voltages 

Table 1. Approximate values of limiting discharge rates of a 6 Ah 
Ni/H 2 cell at various H 2 pressures at 20 °C 

H2 pressure/atm Approximate values of limiting discharge rates 

Current/A Discharge rate/ x C 
0.035 4.6 0.8 
0.5 15-30 2.5-5,0 
1.0 50 8.0 



SELF-DISCHARGE OF NICKEL-HYDROGEN BATTERIES 839 

400 
D, , .  

300 
I: l .  

E= 200 
} , , -  

: :3  

uJ 100 

5 0 0  . . . .  I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  

0 1 2 3 4 5 6 
H/M 

Fig. 9. Representative pressure-composition desorption isotherms 
for selected test hydrogen storage alloys BNL1; BNL3; at 25°C. 
Key: (A) LaNis-Des-25, (D) BNL1-25 and (O) BNL3-25-Des. 

decreases were small at a 15 A discharge rate and at 
0.5 and 1.35 atm. 

Approximate values of the limiting discharge rates 
of the cell, at various hydrogen gas pressures, are 
estimated in Table 1. Limiting discharge rates appear 
to be roughly proportional to cell pressure. The 
present results indicate that if a device needs high 
power, for example, an 8C rate of discharge of the 
battery, the minimum operating pressure should be 
1 atm and, therefore, the ideal plateau pressure of 
the isotherm of an alloy for hydrogen storage should 
be 1 atm or greater at ambient temperature. For a 
low temperature operation (say 10 °C), this plateau 
pressure at ambient temperature should be even 
higher than 1 atm because of the decrease in plateau 
pressure with temperature. The pressure values in 
the Table show an approximate guideline for the 
plateau pressure of the hydrogen storage alloy. 

3.4.2. Hydrogen storage alloys. The pressure of the 
state-of-the-art Ni/H 2 battery could be as high as 
70 atm when it is fully charged. Thus, in Fig. 5, it is 
clear that the self-discharge rate for this battery will 
be quite high. Many alloys absorb hydrogen 
reversibly. However, constraints imposed by the 

Table 2. Characteristics of hydrogen storage in select alloys 

Ni/H 2 cell environment restrict the choice of possible 
candidates. Desired alloy properties are (i) high 
hydrogen absorption capacity using long-term 
cycling, (ii) plateau pressure of about 1 atm at room 
temperature, and (iii) good chemical stability in the 
battery environment. The pressure-composition 
isotherms for several AB5 type alloys have been deter- 
mined in our laboratory [19]. Figure 9 shows a family 
of desorption isotherms at 25 °C for selected alloys 
(AB5 and some new compositions). The hydrogen 
absorption/desorption capacity may be calculated 
using the ideal gas P - C - T  relationship. The usable 
hydrogen storage (C) capacity, expressed in electro- 
chemical terms ( m A h g  -1) for these alloys, could be 
calculated using the following equation: 

C = (2.68 x 104/M)(Hp5 -Hp0.5) m A h g  -1 (7) 

where Hp5 and Hp0.5 are the hydrogen content per 
mole in the pressure-composition isotherms at 
pressure of 5 and 0.5 atm, respectively, and M is the 
molecular weight of the alloy. Capacities and other 
storage properties for the investigated alloys are 
compared with that for LaNis, in Table 2. Two new 
compositions ( 'BNLI'  and 'BNL3') showed lower 
equilibrium dissociation pressures than that for 
LaNi5, because of the incorporation of cobalt 
and/or tin additives. 

4. Conclusions 

The microcalorimetric results reveal that (i) the self- 
discharge is due to a direct reaction of hydrogen 
with the charged active material (nickel oxide), (ii) 
the presence of sintered nickel particles did not affect 
the reaction rate, (iii) the reaction rate varies linearly 
with hydrogen pressure, indicating that the reaction 
is first order with respect to hydrogen, (iv) the 
reaction rate was higher under a starved-electrolyte 
condition than under a flooded condition, suggesting 
that the rate is determined by diffusion of the 
dissolved hydrogen in the electrolyte, and (v) the 
microcalorimetric heat generation rate correlates 
with the rate of decrease of electrode capacity caused 
by the self-discharge reaction. Of all the tested 
additives to the nickel oxide electrode, combinations 
of Bi, Sn and Cd with Co appear to be most effective 

Alloy Plateau pressure Hydrogen content at H2 capacity 
composition /atm P = 0.5 atm P = 5.0 atm /mA h g-1 

H/tool 

LaNi5 / 2.5 to 3.3 0.00 6.02 
2.4 to 2.8 0.00 6.31 372 

f 2.44 0.04 6.2 354 
BNL1 ~ 2.00 0.2 6.2 

f t.08 0.29 5.92 
BNL3 [ 0.96 0.3 5.60 335 

BNIM <0.70 - ~ 90.0 402 

The first and second rows of nttmbers along each sample represent absorption and desorption measurements, respectively. 
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in reducing self-discharge rate. The discharge rates 
of a Ni/Ha cell were determined as a function of 
hydrogen pressure, at rates as high as 8C. A pressure 
of at least 1 atm of hydrogen is required for discharge 
at such high rates. Thus, if alloys are to be used for 
hydrogen storage as hydrides, the plateau pressures 
of these alloys for hydrogen desorption at ambient 
temperature will have to be about 1 atm. The alloys 
('BNLI' and 'BNL3' (see Table 2) show desirable 
thermodynamic properties, as hydrogen storage 
materials, to lower the pressure in Ni/H2 batteries. 
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