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The principles of operation of the metal-hydride electrode, including 

thermodynamics, kinetics, and transport, are reviewed. These fundamentals elucidate the 

keys to improving the performance of metal-hydride electrodes. The equations presented . 

form the basis for a detailed mathematical. model, which would ultimately be used to 

design and scale-up battery systems. The NiOOH-metal hydride cell is compared critically 

with competing technologies, and the remaining technical challenges in their development 

are highlighted. 

Introduction 

The energy shock of the seventies and more recently cold-fusion spurred 

interest in metal hydrides. Because of their ability to store large quantities of hydrogen, 

they have been considered for a variety of energy-conversion applications. 1,2 Although 

some applications have not been realized on a large scale and some not at all, several 

companies are aggressively pursuing the commercialization of the NiOOH-m~tal hydride 

battery. 3,4 As the demand for and the production of portable appliances grows,. 

environmental concerns for the disposal of cadmium, a toxic component of the nickel 

cadmium (NiJCd) cell, mount. Many anticipate that the NiOOH-metal hydride battery will 

replace the traditional NiJCd battery.5 Moreover, the U. S. Advanced Battery Consortium 
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(USABC)6 and others7 are evaluating the NiOOH-metal hydride cell for electric-vehicle 

applications. Ovshinsky et at. 8 recently discussed Ovonics' efforts to develop a metal­

hydride battery. Our objectives are to review the fundamentals of operation of the metal­

hydride electrode, to compare critically the NiOOH-metal hydride cell with competing 

technologies, and to highlight the remaining technical challenges in their development. 

Hydrides are expected to form when hydrogen is combined with an element 

less electronegative than itself For convenience, hydrides are categorized by the nature of 

the chemical bonding as covalent, ionic, or metallic hydrides. Hydrogen reacts with many 

\ transition metals or their alloys to give compounds called metal hydrides, even though 

there may be no "hydrides" present. The electronic structure of metal hydrides been 

elucidated only recently.9 In general, these alloys are complex, with multiple phases and 

wide divergences from stoichiometry. 

Metal hydrides are a class of solid-state systems called interstitial alloys 

wherein hydrogen is incorporated into empty sites of a simple metal lattice. Figure 1 

shows the insertion of hydrogen in . a typical alloy; hydrogen is found in tetrahedral or 

octahedral interstices of a face-centered-cubic metal structure, for example. Often, only . 

partial occupancy is thermodynamically favored. Nonetheless, high hydrogen densities can 

be obtained in these metals, leading to their application for hydrogen storage and reactor 

moderator materials. 10 The insertion of hydrogen into interstices only slightly distorts the 

crystal lattice, and hence the reactions can be highly reversible. The absorption of 

hydrogen in alloys has many similarities with topochemical reactions of lithium in 

transition metal oxides and sulfides. I I 

For practical devices, metal hydrides are sought with the following properties: 

high capacity to store hydrogen, high rates of absorption and desorption, fast kinetics, low 

cost, light weight, and good stability. This combination is not possible with elemental 

hydrides. Hydrides formed from pure metals are too stable for use as reversible 

, electrodes. 



Figure 1. Fcc hydride structure. 
metal atoms. Small solid circles 
in octahedral sites, large shaded 
in tetrahedral sites. 

/ 

Open circles are the 
represent hydrogen atoms 
circles re~resent hydrogen 
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About 200 intennetallic alloys that form hydrides are known and are sometimes grouped 

according to their structure. The major groups are listed in table 1; the minor classes of 

intennetallic hydrides are given by Buschow et a/. 12 and Ivey and Norwood.13 More 

detailed information can also be found in references 14 and 15. 

Table 1. 

Group Example Structure 

AB5 LaNi5, MmNi5 
hexagonal or 
orthorhombic 

AB2 ZrMn2 Laves phases 

AB TiFe CsCI 

A2B Ti2Ni complex 

A is an alkaline earth, transition metal, rare-earth, or actinide; B is a transition metal of the 

iron group. Mm, or Mischmetal, is a combination of lanthanum and other rare-earth 

elements. LaNi5 is often referred to as the conventional material. It should be noted that 

the classifications are only generalizations; typical alloys contain multiple phases and 

complex structures. 

The study of hydrides, in particular hydrogen in metals, is . a broad 

interdisciplinary research topic. Metal hydrides have been the subject of several 

international symposia.14,15,16 We concentrate on the electrochemical applications of . . 

, 

metal hydrides, where our expertise lies. Originally these alloys were used to reduce the 

pressure of stored hydrogen in the NilH2 cell, a well-established energy-storage system for 

satellites. 17 More recently, the metal-hydride electrode has been considered as a 

replacement for the cadmium negative electrode in the nickel-cadmium cell. Figure 2 



- separator + 
metal hydride NiOOH 

30%.KOH 

Figure 2. NiOOH-metal hydride cell. The cell potential is 
about .1.2 V. There is no net production or consumption of 
water. During discharge hydroxyl ions are transported 
from the negative to the positive electrode, and water is 
transported from positive to negative, resulting in a 
shuttle of hydrogen between electrodes. 
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depicts a typical cell; the potential of the cell is about 1.2 V, similar to the NilCd cell. The 

first reversible metal-hydride electrode was reported by Justi et al. 18 These cells had poor 

performance; dramatic improvement in the cycle life and durability were obtained by 

Willems.20 The NiOOH-metal hydride cell will be discussed in detail later in this paper. 

The status of research and development of the metal hydride electrode has been addressed 

in earlier reviews. 19,20 We will focus on the recent research and development activities on 

intermetallic hydrides and the NiOOH-metal hydride battery. 

Before analyzing the NiOOH-metal hydride cell, we should like to discuss the 

principles of operation of metal-hydride electrodes. The fundamentals of thermodynamics, 

kinetics, and transport will provide us with the tools to identify the keys to improving the 

performance of metal hydride electrodes. In addition, the equations presented would be 

the basis for a detailed mathematical model, which could ultimately be.used to design and 

scale-up battery systems. 

Fundamentals 

Thermodynamics.- First, let us consider the open-circuit potential of the cell 

shown below. Here, we measure the potential of the metal-hydride electrode with a 

mercury-mercuric oxide electrode. 

, 
a. f3 8 B f3 a. 

Pt(s) M(s) KOH HgO(s) Hg(l) Pt(s) 

H2 ~O 

The cell potential is 

(1.) 
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At equilibrium, we can equate the electrochemical potential of species in adjacent phases. 

For the mercury-mercuric oxide electrode, 

Thus, 

F or the metal hydride, two reactions are possible 

and 

2M· Had <=> H2 + 2M. 

If the above reactions are equilibrated, 

In effect, the metal-hydride electrode functions as a hydrogen electrode in an alkaline 

medium. We can express the cell potential as, 

where 

U () ,1 (* 0 0 0 ) 
= 2F PH

2 
+ JlHgO - PH

2
0 - JlHg :::::; 0.926. 

(2.) 

(3.) 

(4.) 

(5.) 

(6.) 

(7.) 

(8.) 

/ 
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The potential of the cell is related to the fugacity of hydrogen through equation 

7 .. These two quantities are plotted against the stoichiometry of a hypothetical hydride in 

figure 3, the shape being typical of the absorption isotherm for a single-phase system. In 

the simplest analysis, we would relate the fugacity of hydrogen in the gas phase to a 

concentration in the metal using a Langmuir or similar isothenn based on equation 5. 

Often phase changes accompany the absorption of hydrogen, and the isothenns are 

complex. For a typical two-phase system, a small amount of hydrogen dissolves into the 

metal, occupying interstitial sites in the metal lattice. This is referred to as the a-phase. 

Further absorption of hydrogen causes a phase transfonnation. The new hydrogen-rich 

phase is ~alled the J3-phase. Such a 'phase transfonnation results in a plateau in the 

absorption isothenn. After the phase transfonnation is complete, the hydrogen pressure 

increases with increasing hydrogen concentration. The monograph by Lewis,21 detailing 

the palladium hydrogen system, contains a wealth of information, applicable to most 

metal-hydride systems, and provides a historical. perspective bfthe field . 

. The adsorption of hydrogen is an exothermic· reaction. The effect of 

temperature on the equilibrium, quantified by the Gibbs-Helmholtz relationship, has been 

exploited in heat engines using metal hydrides. ~The effect of temperature on the 

absorption of hydrogen has been measured in detail for the palladium system. 22 With 

increasing temperature, the maximum solubility of hydrogen in the a-phase increases, and 

at the critical point the two phases are miscible .. At constant composition, the equilibrium 

pressure of hydrogen increases with increasing temperature. 

One major consideration for the utility of a metal-hydride electrode is the 

hydrogen storage capacity of the alloy. Hydrogen can be stored in gaseous, liquid, or 

solid fonns. Table 2 compares the capacity of some metal-hydride electrodes with pure 

hydrogen. The parameter ct is the maximum concentration of hydrogen in the compound. 

Although these alloys are capable of storing hydrogen in high concentrations, the capacity 
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Figure 3. Open-circuit potential of a typical metal 
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per mass is low compared to pure forms of hydrogen. The capacities listed do not include 

the mass of the containers used to store the hydrogen. 

Table 2. 

Compound ct , mol/dm3 Theoretical capacity, A·blg 

H2 gas, 150 bar 11.6 26.8 

liquid H2, 20 K 66.41 26.8 

liquid CH4 99.6 6.7 

LaNi5~ 91.3 0.372 

TiFeH1.93 100.2 0.501 

ZrMn2H 3.6 0 . .480 

Electrode Kinetics.- Because the rates of reaction can limit the rate of charge 

or discharge of the metal-hydride electrode, the surface or kinetic properties of the alloys 

are important. The main reactions for metal hydride electrodes are: 

Volmer (9.) 

HeyrovsIcy (10.) 

Tafel 2M· Had ¢:> H2 + 2M , (11.) 

and M·Had ¢:> M·Hab· (12.) 
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The last reaction represents the diffusion of hydrogen from the surface of the 

particle into the metal lattice. These reactions are fundamental to the hydrogen electrode 

and have been studied extensively.23,24 Along with the above reactions, for the metal-' 

hydride electrode, there are self-discharge, recombination, over-discharge, and corrosion 

reactions; these are important to the opera~ion of the cell and will be considered in more 

detail in the analysis of the NiOOH-metal hydride battery. The overall reaction at the 

electrode is 

charge ) 

MH+OH- . (13.) . 
disch"'l!e 

The rates of electron-transfer reactions are commoruy described with the Butler-Volmer 

equation; 

. . { [(1- fJ)nF] [-f3nF ]} 1 = 10 .exp RT TJs - exp RT TJs . (14.) 

The kinetics of the reaction may be limiting if it is slow compared to the ohmic resistance 

or when compared to diffusion of hydrogen in t~e particles. 

The catalytic properties of the alloy are critical to the battery designer. Some 

reactions that are thermodynamically favorable may proceed at such a slow rate as to be 

negligible, With desirable or undesirable effects. For example, if the kinetics for 

recombination of atomic hydrogen (eq. 11) is poor, then substantial amounts of hydrogen 

may be electrochemically inserted into the lattice without significantly raising the cell 

pressure (a favorable situation), assuming the cell is discharged shortly thereafter. This 

also suggests that if hydrogen is generated on the negative electrode during overcharge, it 

will be slow to be absorbed into the negative electrode. The area of the electrode is 

important for heterogeneous reactions. Often these alloys are activated, i.e., the alloy is 
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cycled several times to break the metal into smaller fragments. The finely divided alloys 

have a high specific area, reducing the kinetic resistance. Thus, they are tenned 

"activated" because of their ability to absorb and desorb hydrogen rapidly. 

Schlapbach2S has reviewed surface properties of metals with respect to the 

fonnation of metal hydrides. Flanagan26 points out the difficulties of kinetic 

measurements and interpretation of results for two-phase alloys. Notten and Einerhand 

measured the exchange current densities for several ABs materials.27 Because the alloys 

are in a strongly oxidizing environment, the surface maybe passivated. A metal oxide film 

could fonn, inhibiting the adsorption of hydrogen and catalyzing other reaCtions. The rate 

of mass transfer can also limit the perfonnance of the electrode and is discussed below. 

Transport Phenomena.- Transport phenomena in the metal-hydride particles 

. as well as in the electrolyte can affect the perfonnance of the metal-hydride electrode. 

The metal hydride electrode is similar to the lithium ion insertion systems. The interested 

reader is referred to the work of Doyle et a1.28,29 or of Newman. 30 

Transport of hydrogen in the alloy is typically analyzed with the diffusion 

equation; 

t3cs =-V·N. 
t3 t . 

(15.) 

The relevant physical property for the solid particle is the diffusion coefficient of hydrogen 

in the metal lattice. Conway and Wojtowicz31 investigated the maximum rate of charge or 

discharge in systems limited by solid-state diffusion in a single-phase system. Zuchner et 

al.32 used the current-pulse method to measure the diffusion coefficient in the a.-phase of 

H in LaNis. They found that the diffusion coefficient depended on the crystal orientation. 

There are often phase changes associated with insertion, and the alloys have complex 
" 

structures, suggesting that simple diffusion may be a severe approximation. Li et al. 33 
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presented a relationship between discharge capacity and current density for two-phase 

'"\ AB5 materials, assum.itig diffusion of hydrogen is rate limiting. Sakamoto et al. 34 

modeled diffusion in the metal particles, treating diffusion in the two phases of the 

palladium system, and compared the calculated potentials· of the electrode with 

experimental values. Pollard and Newman35 developed a shrinking core model for a two­

phase alloy. Reilly et al. 36 used a shrinking core model to describe the isothermal 

decomposition of LaNi5, assuming that the phase change was rate limiting. 

For the LaNi5 electrode, Willems20 compared the time of discharge to the time 

of diffusion in the particles and found no transport limitations for his system. In· battery 

applications, the metal hydride electrode would have a porous structure, and this ratio of 

time constants can be generalized; 

(16.) 

This expression assumes spherical particles and galvanostatic charge or discharge. Rs is 

the particle radius, I the separator current density, and E is the porosity of the electrode. 

For small particles (S«l), the time for diffusion is small compared to the time of 

discharge, and diffusion would not be limiting. 

The typical electrolyte is concentrated potassium hydroxide. For such a binary 

electrolyte, the important transport properties are the electrical conductivity (tC); the 

transference number of hydroxyl ions (t~), and the diffusion coefficient of the salt (D). 

Potassium hydroxide is widely used in other cells and is reasonably well characterized . 

. The fluxes can be represented by , 

(17.) 

and 
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(18.) 

These equations are for a concentrated binary electrolyte, using a volume 

average velocity.37,38 At steady state, the flux of cations is zero, and a concentration 

gradient develops even though there is no net consumption of electrolyte. Although 

steady-states, other than 1=0, are not obtainable in battery systems, concentration 

gradients will develop during charge and discharge. "' 

Ther~ are' two important issues regarding electrolyte transport. First, we can 

compare the time of discharge with the diffusion time for the electrolyte as we did above 

for the particles. For a cell of thickness L, 

L2/ 
S = -'------­

e DnF(1- 8)CtO 
(19.) 

This expression is based on the time to discharge the cell completely and tells us whether 

there is sufficient time for concentration gradients to be established. We can also examine 

a'short pulse of high current. Although a cell may not be able to sustain a large current 

density over the full discharge, it may be able to deliver a short pulse of power without 

significant concentration polarization. Second, we can estimate the magnitude of the 

concentration difference. This will be determined by the transference number of OH-, the 

diffusion coefficient of potassium hydroxide in the solvent, and the current density. 

(20.) 

This equation suggests that the larger the anion transference number the smaller the 

concentration gradients. 

The potential <1>2 in the electrolyte, measured with a Hg..;HgO electrode in 

solution, is related to the superficial current density in the pore system by 
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(21.) 

This is a modified form of Ohm's law, accounting for concentration polarization. Similarly 

for the electronically conducting solid phase, 

(22.) 

One advantage of these metal electrodes is that the electrodes have high electronic . . 

conductivity. This is in contrast to the NiOOH electrode, which forms a poorly 

conducting hydroxide. 

Vitanen39 developed a mathematical model of the metal hydride electrode but 

did not examine the performance of the electrode in detail. White et a1.40,41 have 

modeled the nickel· hydrogen cell. Heat transfer in metal-hydride beds has been studied 

extensively. Thermal effects are frequently neglected for electrochemical applications, but 

undoubtedly they play an important role and should be studied in detail. Bernardi et al.42 

presented a general energy balance for battery systems. 

Analysis 

The NiOOH-Metal-hydride Cell.-Clearly one of the most promising 

applications of metal hydrides is·the NiOOH-MH cell. The potential of the cell is about 

the same as that of the NilCd cell, but the metal hydride electrode has a greater energy 

density.· The major advantage, however, is that the battery does not contain toxic 

materials. Other advantages of this cell include: no \dendrites are formed, the main 

reactions do not involve precipitation or dissolution, and there is no net consumption or 

production of water. The NiOOH electrode has been studied extensively;43,44 we will 
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review its operation only in connection with the NiOOH-metal hydride cell. The negative 

metal hydride electrode is typically made by compressing the metal hydride powder onto a 

nickel grid. The negative and positive electrodes and separator are then impregnated with 

aqueous potassium hydroxide. As was mentioned in the preceding section, this cell has 

many similarities to the dual lithium ion insertion cells. Here hydrogen is inserted and 

deinserted from the metal electrodes. In contrast to the lithium systems, hydrogen ions are 

not available for transport in the alkaline medium. On discharge, for example, hydrogen 

from the metal combines with hydroxyl ions to produce water (eq. 13). The net:effect is 

that the hydroxyl ions move from the positive to the negative electrode and water is 

transported from negative to positive, resulting in a shuttle of hydrogen between the two 

electrodes. 

The success of the metal hydride electrode depends on a few critical issues: 

• capacity to absorb hydrogen reversibly 
.• cycle life and mechanical stability of the electrode 

• nominal operating pressure 
•. cost 

The amount of hydrogen absorbed by the hydride determines' the specific energy of the 

electrode. The absorption must be rapid and reversible. Although there are numerous 

factors (discussed in more detail below) that affect the characteristics listed above, there 

are two avenues to enhance the performance: modifying the intermetallic alloys or 

alternatively improving the cell design and control of the operating conditions. 

Optimization ofalloys.-The composition of the alloy is the most important 

factor in the performance of the cell, and optimization of the alloy compositions is an 

active area of research.4S,46,47 There have been two approaches to improving the 

characteristics of metal hydride materials: modification of existing alloys and development 

new alloys. Most current work centers on the conventional ABs materials and AB2 

compounds. The goals of alloy modification are: 
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• increasing the capacity to absorb hydrogen reversibly 
• reducing the rate of corrosion 
• controlling the catalytiC/surface properties 
• reducing the cost of raw materials and processing 
• lowering the equilibrium hydrogen pressure 

For the conventional lanthanum based materials, numerous combinations of 

metal have been tried, making trade-offs between the desired properties: high capacity for 

hydrogen absorption, minimal expansion of the metal lattice, resistance to corrosion, and 

highly catalytic surfaces. LaNis is a conventional metal hydride electrode and has good 

hydrogen absorption capacity but poor stability. Attempts to improve the stability 

generally result in lower capacity and poor kinetics. Small amounts of Al and Si were 

found to improve the stability dramatically;48 replacing half the nickel with cobalt 

improved the cycle life.20 The cobalt reduces the expansion of the lattice, and the Al and 

Si help to form a more protective layer on the surface of the alloy. Mischmetals are 

commonly used in place of pure elements. These are a mixture of naturally occurring rare-

earth elements (Ce, La, Nd, Pr), often added as they are found in nature because of the 

difficulty and expense of separation. Tadokoro et al.49 varied the value ofx between 3.85 

and 5.56 in Mm(Ni-Co-Mn-Al)x to optimize the hydrogen absorption capacity. 'They 

found that, with lower values of x, the equilibrium pressure was lower, but the capacity 

diminished. At the same time they observed minimal loss of capacity on cycling. Alloys 

with Mo, B, Ta, W, and Zr improved the discharge characteristics because of increased 

surface area and better catalytic properties. Notten and Einerhand27 reported improved 

catalytic activity with the addition of palladium to ABs materials and with double-phase 

alloys. 

An alternative approach is to use the laves phase (AB2) alloys; there are 

several strategies to improve the characteristics of these intermetallic alloys. Moriwaki et 

al. 50 attempted to optimize the composition of ZrMno.6CrO.2Ni1.2 by adjusting the A:B 

ratio and the Mn:Cr ratio. Fetcenko et al.51 compared and contrasted the AB5 and AB2 

materials and outlined their approach of compositional and structural disorder to identify 
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improved electrode materials. By adding different elements, the capacity to store 

hydrogen, bond strength, catalytic properties, and corrosion resistance of the alloys can be 

modified. 

Sakai et al. 52 found that heat treatment was effective in prolonging cycle life, 

suggesting that the microstructure of the @olloy i§ important. Thin films of alloys were 

found to.behave differently depending on how the films were prepared~ however, Sakai et 
-' 

af.53 'concluded that the thin films were unsuitable for common applications. Other 

methods to improve the electrodes include preactivation of the alloy, surface pretreatment, 

and the use of composite electrodes. Petrov et al. 54 added binder and carbon to the 

electrode, attempting to improve the performance. 

For the NiOOH-metal hydride cell, increasing the capacity of the alloy (the 

negative electrode) results in progressively smaller. increases in ·the specific energy of the 

cell when the mass of other battery components is considered. Table 3 gives theoretical 

energy densities for several systems. Ovonics reported a theoretical capacity of 400 A­

h/kg for current alloys and projected much larger capacities in the near future. The 

capacity of ·the NiOOH electrode is about 300 A-h/kg. This, of course, limits the 

maximum energy density obtainable for the NiOOH-metal hydride battery. Furthermore, 

the equilibrium hydrogen pressure must be considered. The more hydrogen that is 

inserted the greater the equilibrium pressure; consequently not. all the capacity may be 

accessible without raising the cell pressure excessively. 

Stability.-· The importance of the cOITosion resistance of the alloys cannot be 

overstated. The stability of the alloys directly affects the cycle life of the electrode.. The 

goal of the USABC is to obtain 500 to 1000 cycles. It is well known that many of the 

hydride phases are not thermodynamically stable. Nevertheless, the kinetics are slow at 
. . 

ambient temperatures, and thus this is not a problem for electrochemicRl applications. 

Repeated cycling stresses the alloy and tends to break the particles into small fragments 

(pulverization). The smaller particles have a greater surface area available for adsorption, 
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there could be loss of contact between particles, and the rate of corrosion may increase as 

well. 

Table 3 . 

Battery • Theoretical capacity 
W·h/kg 

Pb-Pb02 161 

Cd-NiOOH 209 

LaNi5~-NiOOH 216 

HrNiOOH 378 

LaNi'i~-air 458 

Li-LivMn204 478 (O.2<y<l) 

LiCh- LiveoO'] 644 (O<y>l) 

NalS 758 

Notten and' Hokkeling55 give. the corrosion stability of severat . AB5 systems in 

strong alkaline solutions and tIiscuss the kinetics of the electrochemical reactions. 

Willems20 showed that the capacity of LaNi5 (without additives) decreased rapidly with 

cycling and that La(OHh is formed. Other concerns with corrosion of the alloys are: loss 

of electrolyte through irreversible reactions and changing of the. balance of the electrodes 

(positive-to-negative capacity ratio). Oxygen generated at the nickel electrode, a 

mechanism of self-:discharge, may oxidize the negative electrode. Markin et al. have 

suggested that the alloy can be protected by coating the surface with Pt black, catalyzing 

the ~ecombination reaction given in equation 25. Sakai et al. 56 microencapsulated the 

alloy in porous copper or nickel, protecting the alloy from attack by oxygen. The copper 
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increases the effective electronic conductivity of the solid matrix, acting as a microcurrent 

collector, and the microencapsulation also increases the thermal conductivity of the 

electrodes. 

Cell Design.-The battery designer has substantial control over the 

performance of the cell. Although a better design does not increase the theoretical 

capacity to absorb hydrogen or reduce the equilibrium pressure of hydrogen, the operating 

conditions and design of the battery can be modified to increase the utilization of active .... 

material and to reduce the maximum pressure of the cell during charge, for example. 

Some ofthe variables that should be considered are: 

• particle size 
• using partially electrolyte-starved electrodes 
• thickness of electrodes and separator 
• positive-to-negative-electrode capacity ratio 
• temperature of operation and thermal control 
• rates of charge/discharge and charge termination 
• porosity of the electrode 

Cell pressure:-Commercial success depends on the amount-of hydrogen that 

can be reversibly cycled without loss of capacity or excessive build up in pressure of 

hydrogen. A completely sealed system is required for most applications, and a gauge 

pressure above about 1 bar will require a metal casing, adding significant weight to the 

system. If excess pressure is vented, water is lost from the cell, and the relative states of 

charge of the electrodes changes. 

When the metal hydride is coupled with a NiOOH positive electrode, the following 

reactions must also be considered. If the cell is overcharged, oxygen can be generated at 

the positive electrode 

(0.401 V) (23.) 
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and hydrogen at the negative electrode 

H20+e- ~ Y2H2 +OH-, (-0.828 V) (24.) 

There are also recombination reactions, in an oxygen atmosphere, at the negative 

electrode 

(25.) 

and for a hydrogen atmosphere, at the positive electrode 

Y2 H2 + NiOOH ~ Ni(OH)2' (26.) 

For recombination to occur, the gases must have access to the electrode surface, and the 

kinetics should be facile. The critical issues are: the rate of mass transfer of H2 or O2, the 

solubility of the gases in the electrolyte for immersed electrodes, and the catalytic 

properties of the surface. Hydrogen pressure can build up when the rate of transport in 

the particles or the kinetics is slow or when the cell is overcharged. If the rate' of charge 

transfer (eq. 9) is greater than the rate of diffusion into the alloy, i.e., S >1, the 

concentration of hydrogen at the surface of the particle will increase. When the maximum 

surface concentration is reached, hydrogen gas ~ill be evolved (eq. 24). An analogous 

situation occurs at the positive electrode, generating oxygen. If the rate of oxygen or 
, 

hydrogen generation is greater than the rate of recombination, the cell pressure will rise. 

Overcharge mechamsms are import,ant to the operation of the cell, particularly 

for cells in series. It is generally recognized that the recombination of hydrogen at the 

nickel electrode has poor kinetics and hydrogen generation is not a practical approach for 

overcharge protection. Consequently, one must rely on oxygen recombination (generated 

at the positive electrode) for an overcharge mechanism. Making the capacity of the 

negative electrode larger than that of the positive will promote oxygen generation on 

• 
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overcharge. This also suggests that electrolyte-starved electrodes may be desirable, 

allowing the oxygen access to the negative electrode if. significant overcharge is 

anticipated. Because of. the poor kinetics of hydrogen recombination, any hydrogen 

produced on overcharge must be reabsorbed into the alloy. This may require limiting the 

range over which the electrode is cycled. ~aking the negative electrode larger than the 

positive electrode should reduce the hydrogen pressure in the cell. Microencapsulation, 

mentioned above, was also reported to reduce the operating pressure of the cell, 

presumably because of more effective oxygen reduction and possibly the prevention of 

hydrogen evolution. 

On overdischarge it is possible to form hydrogen at the NiOOH electrode and 

oxygen at the negative electrode, although these reactions are unlikely in an alkaline 

environment unless the cell is severely overdischarged, a consideration for mUltiple cells in 

series. 

Self-discharge.-The rate of self-discharge is an important characteristic of the 

cell. Oxygen and hydrogen can be generated from the following reactions: 

·(27.) 

(28.) 

Iwakura et al. 57 and Sakai et al.52 reported'the self-discharge rates for metal 

hydride electrodes. They distinguished between reversible and irreversible capacity loss. 

The reversible losses are from the reactions given above and are larger than the rate of 

self-discharge for the NifCd cell. As expected, they found that for an alloy with a lower ,- . 
( 

equilibrium hydrogen pressure, the rate of self-discharge is reduced. For a sealed system, 

hydrogen stored in the alloy may desorb from the metal according to equation 28, be 

transported to the positive electrode, and recombine according to equation 26, but the 
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There are several strategies for reducing the rate of self-discharge. First, select 

a material with a low equilibrium pressure ~f hydrogen for the desired range over which x 

(HxAB5) is cycled. When the partial pressure of hydrogen in the cell header is equal to the 

equilibrium pressure, desorption of hydrogen will stop at equilibrium. Second, a barrier 

can be placed between electrodes, preventing the transport of hydrogen to the positive 

electrode and transport of oxygen to the negative electrode. This will, however, increase 

the operating pressure of the cell, and is not considered a practical approach. 

Fetcenko et al.58 were able to reduce the rate of self-discharge by: modifying 

the composition of the alloy, using a more Inert separator, and using NiOOH electrodes 

without nitrate impurities. Their results suggest that shuttle mechanisms for self-discharge 

are present. Nitrate impurities in NiOOH electrodes are known to increase the rate of 

self-discharge in the NiJCd cell, and the nitrates, as well as other impurities, may 

contribute to the rate of self-discharge. We are not aware of a detailed analysis of shuttle 

mechanisms in the literature. 

Competing technologies.-The absence of toxic materials alone will ensure 

greater acceptance of the NiOOH-metal hydride cell over NiJCd cells. Nonetheless, it is 

useful to compare "the advantages and disadvantages of the metal hydride cells with other 

batteries. The NiJCd cell has a slightly lower specific energy but has a lower rate of self­

discharge, greater tolerance for overcharging, better temperature range, and a greater 

cycle life. 5 The NiOOH-metal hydride cells do not exhibit the "memory effect" seen in 

NiJCd cells (attributed to the cadmium electrode). Metal hydride batteries, however, 

cannot be charged with the "peak-detect fast chargers" currently used with NiJCd cells. 

Attempts are underway to standardize the size and capacity of the NiOOH-metai hydride 

/" 
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cells and to make them compatible with NilCd chargers. 59 Today NiOOH-metal hydride· 

cells cost about twice as much as comparable NilCd cells. 

The lead acid cell is a widely used and well-understood secondary battery. The 

specific energy of the cell is low, and lead is a toxic. The sodium sulfur cell has 

exceptional specific energy, but is a high-temperature battery. As a consequence there are 

problems with materials corrosion, sealing, and freeze-thaw cycles. Cycle life is short for 

cells in series, largely attributed to failure of the 13"-alumina separators. The NiOOH-metal 

hydride cell has a comparable specific energy, but the required supply of pressurized 

hydrogen presents a safety issue. A sealed system is required to allow for the 

. recombination of hydrogen and oxygen, and the HrNiOOH cell is not practical for 

traction applications. Characteristics and prospects for other battery systems can be found 

in the literature. 60 

The NiOOH-metal hydride cell has· a much lower specific energy than lithium 

cells (see table 3). Although there are some secondary lithium cells on the market, they 

are not widely used. The lithium cells have two serious drawbacks. First, pure lithium is 

unstable and reacts irreversibly with the electrolyte. This has been circumvented to some 

extent by replacing the lithium foil negative electrode with an intercalation material, such 
\ 

as carbon. This concept (dual lithium ion insertion or "rocking-chair" cells) has been used 

in comri:lercial cells for portable appliances.61 Secol1d, there is no practical overcharge or 

overdischarge mechanism in these cells, making control of charging and operation of 

series of cells more difficult. The lithium rechargeable cell is an active area of research, 

and improvements can be expected. 

Assessment of Research Needs.-Numerous technical challenges remain in the 

development of the NiOOH-metal hydrid~ cell, particularly for electric-vehicle 

applications, where low cost and high performance are required. Some possible future 

research areas are: 



• detailed mathematical modeling 

• design and scale-up oflarge.batteries 

• analysis of thermal effects 

• optimization of alloy composition 

• charging/discharging multiple cells in series 

• fundamental studies of kinetic mechanisms including 

overcharge/overdischarge mechanisms 

• 
• 

development of a positive electrode with a larger specific energy 

fundamental studies of transport in interinetallic alloys 
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• fundamental studies of the state of hydrogen in candidate metal-hydride 

electrodes 

. Detailed mathematical modeling and design and scale-up considerations are 

important to the development of metal-hydride cells. Electric vehicles, for example, 

require much larger batteries than commercially available NiOOH-metal hydride cells. 

Matsumoto et al.62 identified several problems with the scale-up ofNiOOH-metal hydride 

cells. In particular, they saw high temperatures and high pressures and lower utiliiation of 

active material in larger batteries. They postulated thatthe low utilization was due to the 

distribution of electrolyte in. the cell. Little work has been published on modeling and 

design of metal-hydride electrodes. 

Thermal management is critical for the NiOOH-metal hydride cell. Achieving a 

large number of cycles, low cell pressure, and high specific energy, will depend on a good 

understanding of temperature distributions in large cells. As we have seen, the equilibrium 

pressure of hydrogen increases with temperature. Physicochemical properties are strongly 

dependent on temperature. In addition, the charge acceptance of the NiOOH electrode is 

poor above 35°C. A thorough analysis of thermal effects on the performance of these 

cells is needed. 

Some researchers have investigated solid-state metal hydride batteries 

requiring a polymer ar other solid electrolyte. 63 Advantages usually cited include: no 

corrosive solvent present, the cell can easily be configured into a variety of shapes, ease of 
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manufacture, and combining the functions of separator and electrolyte. Some of the 

possible problems are: polymer electrolytes have low conductivity at room temperature, 

loss of contact with the electrolyte, and poor overcharge and overdischarge capabilities. 

Optimization of the composition of the alloys can be expected to continue as 

an active area of research. Klein and Salkind64 estimated the costs of AB5 alloys. 

Although not critical for space applications and less critical for small appliances, cost is a 

key consideration for electric-vehicle applications. They point out that major 

improvement is needed in this area. Research would focus on development of alloys made 

from raw materials of lower cost and reducing the manufacturing costs. 

Because the specific energy of the NiOOH-metal hydride cell is limited by the" 

positive electrode, it should be viewed as a candidate for meeting only the midterm goals 

of the USABC. To meet the 'long-range goals, the positive electrode must be improved or 

replaced to achieve a significantly larger specific energy in metal hydride cells. 

Individual cells connected in series will inevitably be at different states of 

charge. Although it ·is possible to monitor the potential of single .cells, it may not be 

practical to monitor individual cells in a large battery or to provide for charging of 

individual cells. Overcharge and overdischarge mechanisms provide a means to pass 

current without altering the state of charge of the cell. A theoretical study of the effect of 

operating multiple cells in series With and without overc~arge· mechanisms is warranted. 

This analysis would also apply to batteries other than the NiOOH-metalhydride cell. 
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List of Symbols 

ci concentration of species i, mol/m3 

D diffusion coefficient, m2/s 

F Faraday's constant, 96,487 elmol " 

I current density, Nm2 

I superficial current density, Nm2 

L width of cell, m 

n number of electrons transferred 

Nj flux of species i, mollm2-s 

p pressure or fugacity, bar 

Rs radius of solid particles, m 

S dimensionless ratio defined in equations 16 and 19 

tf transference number of species i 

U open-circuit potential, V 
-

v velocity, mls 

z + charge number 

o thickness of electrode, m 

<I> electrical potential, V 

K . electrical conductiyity, Slm 

~i electrochemical potential of species i, llmol 

E porosity of electrode 

Subscripts 

s solid phase 

t maximum concentration 

+ cation 

amon 

o solvent 
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e electrolyte 

1 solid phase 

2 electrolyte phase • 

Superscripts 

8 standard cell. potential 

* secondary reference state 

0 pure component· 

0 volume average quantity 
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