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Abstract
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, WMCh would ultimately vbe 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-métal hydride
battery.3:4  As the demand for and the production of portable appliances grows,
enQironmental concerns for the disposal of cadmium, a toxic component of the nickel
cadmium (Ni/Cd) cell, mount. Many anticipate that the NiOOH-metal hydride battery will

replace the traditional Ni/Cd battery.5> Moreover, the U. S. Advanced Battery Consortium



(USABC)® and others’ are evaluating the NiOOH-metal hydride cell for electric-vehicle
applications. Ovshinsky e al.8 recently discussed Ovonics' éﬂ‘orts to develop a metal-
hydride battery. Our objectives are to review the fundamentals of operatiori of the metal-
hydride electrode, to compare critically the NiOOH-metal h)"dl’idé cell with competing
technologies, and to highlight the remaining technical challenges in their development.

Hydﬁdes are expectgd to form when hydrogen is YCOn‘lb‘ined with an element
less electronegative than itself. For convenience, hydrides are categorized by the nature of
the chemical bonding- as covaleﬁt, ionic, or metallic hydrides. Hydrogen reacts with many
_transition metals or their alloys to give compounds called metal hydrides, even fhough
there may be no "hydrides" present. The electronic structure of metal hydrides been
elucidated only recently.? In general, these alloys are complex, with multiple phases and
wide divergences from stoichiometry. |

Metal hydrideé are a class of solid-state systems called interstitial alloys
wherein hydrogeﬁ is incorporated into ‘empty sites of a simple metal lattice. Figure 1
shows the insefticin of hydrogen in a typical alloy; hydrogen is found in tetrahedral or
octahédral interstices of a face-'ceﬁtered-cubic metal strﬁcture, for example. Often, only
partia_l occupancy 1s therﬁodynamically favored. Nonetheless, high hydrogen densities can
be obtained in these metals, leading to their application for hydrogen storage and reactor _
moderator materials.1 The insertion of hydrogen into interstices only slightly distorts the

“crystal lattice, z}nd hence the reactions cafl_ be highly reversible. The absorption of
hydrogen in alldys has many similarities with topochemical Ireaétions of lithium in-
transition metal oxides and sulfides.!!

For practical devices, metal hydrides are sought with the following properties:
high capacity to store hydrogen, high rates of absorption anq desorption, fast kinetics, low
cost, light weight, and good stability. This coxﬁbination is not possible with eleinental

“hydrides. Hydrides _formed from pure mefals are too stable for use as reversible

- .electrodes.



Figure 1. Fcc hydride structure. Open circles are the
metal atoms. Small solid circles represent hydrogen atoms

in octahedral sites, large shaded circles represent hydrogen
in tetrahedral sites.
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About 200 intermetallic 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
intermetallic hydrides are given by Buschiow et a/.!2 and Ivey and Norwood.!> More

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

Table 1.

Group Example Structure

: : . . hexagonal or - |
ABs LaNis, MmNis orthorhombic

AB, ZtMn, | Laves phases

'AB Tife - CsCl
A,B Ti2Ni o complex

A is an alkaline earth, transition metal, rare-earth, or actinide; B is a transition metal of the
iron group. Mm, or Mischmeta], is a combination of lanthanum and other rare-earth
elements. LaNis is often referred to as the conventional material. It should be noted that

the classifications are only generalizations; typical 'alldys contain multiple phases and

- complex structures.

The study of hydrides, in particular hydrogen in metals, is ‘a broad
intefdisciplinary 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. Origina_lly these alloys were used to reduce the

| pressure of stored hydrogen in the Ni/H, cell, a well-e'stablished'énergy—storage system for

satellites.]? ~ More recently, the metal-hydride electrode has been considered as a

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

.
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Figure 2. NiOOH-metal hydride cell. The cell potential is

‘about 1.2 V.  There is no net production or consumption of o
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 v
shuttle of hydrogen between electrodes. '



depicts a typical cell.; the potential of the cell is about 1.2 V, similar to the Ni/Cd cell. The
ﬁrst reversibl¢ metal-hydride electrode was reported by Justi ef al.13 These cells had poor
perfoﬁnance; dramatic improvement in the cycle life and durability were obtained by
‘Willems.20 The MQOH—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.1%,20 We will focus on the recent research and development activities on
interthetallic hydrides and the NiOOH-metal hydride battery. - _

Before analyzing the NiOOH-metal hydride cell, we should like to discuss the
principles of dperatioh of metal-hydride electrodes. Tlhe fundamentals of thermodynamics,
kinetics, and transport will provide us with the tools fo identify the keys to improving the
pe’rforrhance of metal hydride electrodes. 'In addition, the equations presented would be
the baéis .for a dgtailed mathematical'model, which could ultimately be used to desigﬁ 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 v

mercury-mercuric oxide electrode.

a B 5 £ B a
Pi(s)| M(s)| KOH ‘ HQO(S)V ~ Hg(l) Pt(s)

Hy | HO

The cell potential is

FU=—F(<I>“—d;‘“')=u;'. —u;‘_f. 1)



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

For the mercury-mercuric oxide electrode,

Hg +20H" < HgO + H,0 + 2¢".

Thus,

Mg + 2ty = Hiyo + Mo + 2417

For the metal hydride, two reactions are possible
- . M+ H20 +e o M'Had + OH",
and
2MH,y < Hy+2M.
If the above reactions are equilibrated,

1 5
HE =S M+ Hoy- ~ B

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

medium. We can express the cell potential as,

Ph,

6 >
A0

U:U"+£Zln

where

1 * o o
U= _(/‘m + 50 ~ M0 ‘I‘Hg) ~0.926.

T 2F

2)

G3)

“4)

(5)

©)

(7)
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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 isotherm based on equation 5.
Often phase changes accompany the absorption of hydrogen, and the isotherms are

éoinplex. ‘For a typical two-phase system, a -small amount o'f 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 transformation. The new hydrog'en-rich

~phase is called the B-phase. Such a ‘phase trahsformation results in a plateau in the

absorption isotherm. After the phase transformation is complete, the hydrogen pressure
increases with increasing hydrogen concentration. The monograph by Lewis,2! detailing

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

" metal-hydride systems, and provides a historical perspective of the field,

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

témperature on the equilibrium, quantified by the Gibbs-Helmholiz 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 _inaximum 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.

O'n'evmaj(_)_r consideration for the utﬂ_ity of a metal-hydride electrode is the
hydrogen storage capacity of the alloy. Hydrogen can be stored in gaseous, liquid;- or .

solid foxf’ms.‘ Table 2 compares the capacity of some metal-hydride electrodes with pure

- hydrogen. The parameter c, is the maximum concentration of hydrogen in the compound.

. Although these alloys are capable of storing hydrogen in high concéntrations, the capacity



capacity, A-h/ kg

0 50 100 150° 200 250
T — I I I .

1.05
1.00
- 0.95
ov.so
0.85
0.80

0.75

x (H,AB;)

Figure 3. Open-circuit potential of a typical metal
hydride electrode. The potential is -that of the Hg/HgO
reference electrode relative to the metal hydride elect-
rode. x is related to the capacity assuming a molecular
weight of 590 g/mol for ABs.
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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 ¢, fnol/dm3 | Theoretical capacity, A-b/g
H, gas, 150 bar 1.6 26.8 |
liquid Hy, 20 K 66.41 26.8

liquid CH, 99.6 6.7

LaNisHg 91.3 , 0.372
TiFeH, 3 100.2 0.501

ZrMn,H; ¢ | o | 0..480

Electrode Kinetics.— Because the rates of reaction can limit the rate of charge
or discharge of the metal—hydn'de electrode, the surface or kinetic properties of the alloys

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

Volmer M+H,0+e & MHy+OH, )

Heyrovsky MH,y+H)0+e < M+H,+OH-, _ (10)
Tafel | IMH,y; < Hy+2M, | (11)

and ‘M'H,y < M-Hy,. (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 operation of the cell and will be considered in more
detgil in the analysis of the NiOOH-metal hydride battery. The overall reaction at the
' electrode is | |

charge

, |
M+ H,0 + e MH + OH- . (13) -

| ST —
discharge

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

equation;
. (1-BnF ] [-ﬂnF ] |
.y —exp| 2 (L 14.
i lo{eXP[ RT TP Ry | ( )’

The kinetics of the reaction may be limiting if it is slow compared to the ohmic resistance
or when compared to difﬁ,lsidn of hydrogen in the particles.

The catalytic properties of the élloy are critical to the battery designer. Some
reactions that are thermodynamically favorable may proceed at such‘ a slow ratve 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 amoﬁnts of hydrogen
may be electrochemically inserted into the lattice without signiﬁcantly raising the cell
pressure (a fa_vorable situation), assuming the cell is discharged shortly thereafter. This
also suggests that if hydrogen is generated on the negative electrodé 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. bThe finely divided alloys
have a high specific area, reducing the kinetic resistance. Thus, they are termed
"activated" because of their ability to absorb and desorb hydrogen rapidly.

Schlapbach?> has reviewed surface properties of metals with respect to the
formation of metal hydrides. -.Flanagan26 points out the difficulties of kinetic
measuréments and interpretation of results for 'twb-phase alloys. Notten and Einerhand
measured the exchange current densities fof several ABs materials.2’ Because the alloys
areina strongly oxidizing envirbnmehf, the surface may be passivated. A metal oxide film
could form, inhibiting the adsorption of hydrogen and catalyzing other reactions. The rate
of mass transfer can also limit the performance of the electrode and is discussed below.

V§ ransport Phenomena.— Transport phenomena in the metal- hydrlde particles
~as well as in the electrolyte can aﬁ'ect the performance of the metal- hydnde electrode.
The metal hydride electrode is similar to the lithium ion insertion systems. The interested
reéder is re_ferred'to the work of Doyle et al.28:29 or of Newman.30 _

'Trahspoﬂ of hydrogen in the. alloy is typicélly analyzed with the diffusion
equation; ) | ‘ o
dc

s = _V.N. ' ) (1.
ot ' , (13.)

The relevant physic‘al propérty for the solid particle is the diffusion coefficient of hydrogen
in the metal lattice. Conway and Wojtowicz3! mvestlgated the maximum rate of charge or
dlscharge in systems hnmted by solid-state diffusion in a smgle—phase system. Ziichner et
al 32 used the current-pulse method to measure the d’iffusion coefficient in the o-phase of
Hin LaNis. They found that the diffusion coefficient djepended on tﬁe crystal orientation.
Thefe are often phase changes associated with insertion, and the alloys have coniplex

structures, suggesting that simple diffusion may be a severe approximation. Li et al.33
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pfeéented a relationship betweeﬂ discharge capacity and current density for two-phase |
ABs materials, assuming diffusion of hydrogen is rate limiting. | Sakamoto et al34
modeled diffusion in the metal parﬁcles, treating diffusion in the two phases of the
_palladium system, and compared the calculated potentials -of the electrode with
experimental values. Pollard and Newman3> developed a shrinking core model for a two-
phase alloy. Reilly et al.?‘*6 uéed .a shrinking core model to describe the isothermal
decomposition of LaNis, assuming that the phase. change was rate limiting.

' Forthe LaNis electrode, Willems20 compared the time of discharge to the time
of diffusion in the particles and found no transport limitations for his syéteni. In battery
applications, the metal hydride; electrode would have a porous structure, and this ratio of

time constants can be generalized;

____RI
¢ DnF(1-¢)c,é

(16)

This expression assumes spherical particles and galvanostatic charge or discharge. R, is
the particle radius,  the separator current density, and € is the porosity of the electrode.
For small particles (S<<1), 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 (x), the
transference number of hydroxyl ions (%), 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

| L |
N+-=c+vD—éDVc++Q——t~‘—)i2, (17)

z,F

 and
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N, = ¢;v9 - DV, (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 concentratlon

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

steady-states, ‘other than /=0, are not obtainable in battery systems, concentration
gradients will develop during charge and discharge. | |

There are two important issues regarding electrolyte transporl. 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,

i
*" DnF(1-é&)c,6

19)
| This expression is based on the time to discharge the cell completely ahd tells us whether
‘there is suﬁicien_t time for concentration gradients to be established. We can a‘lsoexamine

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 calx estimate the magnitucle of tl1e
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.

A-1°)LI
zFD -

Ac ~ (20)

-This equation suggests that the larger the anion transference number the smaller the
 concentration gradlents

 The potentnal @, 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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i, = -V D, —%(zf +—2£-)Vye L (1)

(4

This is 2 modified form of Ohm's law, accounting for concentration polarization. Similarly

“for the electronically conducting solid phase,
i =-oVO, . o (@2)

One advantage of these metal electrodés is that the | electrodes have high electronic
conductivity. This is in coﬁtfast to the NiOOH electrode, which forms a poorly
conducting hydroxide. ’

|  Vitanen? developed a mafhemétical model of the metal hydride electrode but
did not examine the.‘performance of the electrode in detail. White er al40:4! have
modeled the nickel ‘hydrogen cell. Heat transfer in metal-hydride beds has been studied -
extensively. Thefmal 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 systemé.

- Analysis o

The 'NiOOH-Metal—hydride‘ Cell.;Clearly one of the most promising
applications of metal hydrides is-thev NiOOH-MH cell. The potential of the c_ell is about
the same as _that of the Ni/Cd céll, but the metal hydn'de electrode has a greater energy
density.. The major advahtage, however, is .t'hat the battery does not.'cbntair_l toxic
materials. Other advahtages of this cell include_: no dendrites are formed, the mam _
reactions do not involve preéipitatibh 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 itstoperation onlybin 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 transpoﬁ m the alkaline medium. On discharge, for example, hydrogen
.- from the metal combines with hydroxyl jons to pro.dL‘lce water (eq. 13). The nét -effect is
" that the hydroxyl ions move from thev positive to the negative electrode and water is
transported from negative to positive, resulting in a shuttle of hydrogen between thé two
electrodes. |

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

o capacity to absorb hydrogen reversibly

« cycle life and mechanical stability of the electrode
e nominal operating pressure '

o - 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 éharacten'stics listed above, there
are two avenues to enhance the performance: modifying the intermetallic alloys or
altemativély improving the cell design and control of the operating conditions.
Optimization of alloys.—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.45,46,47 Thefe have been two approaches to improving the
characteristics of metal hydride méterials: modification of existing alloys and development
new alloys. Most current 'wérk centers on the conventional ABs materials and AB,

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

e o o o o

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. | LaNig is a conventional metal hydride electrode and has good
hydroggn 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 impro{/e 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 nafurally occxirring rare-
| earth elements (Ce, La, Nd, Pr), oﬁe_n added as they are found in nature because of the
difficulty and expense of‘ separation. Tadokoro ef al.4? varied the value of x between 3.85
and 5.56 in Mm(Ni-Co-Mn-Al),. 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 increaséd
surface area and better catalytic properties. Notten. and Einerhand27 reported improved
catalytic activity with the addition of palladium to AB5 materials and with double-phase
alloys.

An alternative approach is to use the laves phase (AB,) alloys; there are
several strategies to improve the characteristics of these intermetallic alloys. Moriwaki ef
al.30 attempted to optimize the composition of ZrMng ¢Crq ,Ni; 5 by adjusting the A:B
ratio and the Mn:Cr ratio. Fetcenko ef al.5) compared and contrasted the }AB5 and AB,

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, andvco'rrosion resistance of the alloys can be
modified. |

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

. suggestrng that the microstructure of the alloy is 1mportant Thin films of alloys were

found to behave differently dependmg on how the films were prepared; however, Sakai et

al.53 concluded that the thin films were unsuttable for common applications. Other

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

and the use of composite electrodes. Petrov ef al.5% added binder and carbon to the

 electrode, attempting to 1mprove the performance

For the NIOOH-metal hydride cell, increasing the capacrty of the alloy (the
negattve electrode) results in progressrvely 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. Oyonies reoorted a theoretical' capacity of 400 A-
hkg for current alloys and projected much larger ‘capacities in the near ﬁ.lture. The

capacrty of ‘the N100H electrode is about 300 A-h/kg. This, of course, llmlts the

maximum energy densrty obtamable for the N100H—metal hydride battery Furthermore

~ the equthbrtum 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 corrosion 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
_ hydnde phases are not thermodynarmcally stable. Nevertheless, the kinetics are slow at

" ambient temperatures, and thus this is not a problem for electrochemlcal appltcattons |

Repeated cycling stresses the alloy and tends to break the partlcles 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
1 Weh/kg
 Pb-PbO, 161
| Cd-NiOOH 209
LaNi<H,.-NiOOH ) 216
CH,NiOOH | 378
LaNisHj-air , 458
Li-LiMn, 0, 478 (0.2<y<1)
LiC¢-Li,CoO, | esa0<p>1)
Ns | 758

Nottén and-Hokkeling35 give.the' corrosion stabil‘ity. of sever_al‘ABS systems in
st}ong alkaline. sélutions and discuss the kinetics of the velectrochemlical ‘reactions.
Willems20 showed that the capacity of LaNis (without additives) decreased rapidly with
cycling and that La(OH)j; is formed. Other concerns with corrosion of 'the alloys are: loss
. of electrolyte through irreversible reactions and changing of thé.baiance of the electrodes
(positive-to-negative capacity ratio). Oxygén generated at the nickel electrode, a
mechanism’ of self-discharge, may bxidize the negative electrode. Markin et al. have
suggested that. the alloy can be brotected by coating the surface with Pt black, catalyzing
the recombination 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.F—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 enuilibrium 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 cf the 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 posmve electrode, the followmg

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

the positive electrode

40H- — 0, +2H,0 + 4e", (0.401 V) (23)
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and hydrogen at the negative electrode

HyO+e — %H,+OH-,  (-0.828V) 4)

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

1% 0y +2MH,y — H,0+2M, | (25.)

and for a hydrogen atmosphere, at the positive electrode

¥ H, +NiOOH —> Ni(OH), . . (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 H, or 02, the
solubility of the gases in the electrolyte for immersed electrodes, and the catalytic
properties of the surfaée. 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, ie., S >1, the
concentration of hydrogen at the surface of ‘the particle will inérease. When the maximum
surface concentration is reached, hydrogen gas will 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 recor_nbin;.tion, the cell pressure will rise.
Overcharge mechanisms are important 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 reco;nbination (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 generationbn
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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
renge over which the electrode is cycled. Making the negative electrode larger than the
bpositive' electrode should reduce the hydrogen pressure in the cell. Microencapsulation,
mentioned above, was also reported to reduce the operating .pressure of the cell,
presuniably because of more effective oxygen reduction and possibly the prevention of
hydrogen evolution. |
On overdischarge it is poss1ble to form hydrogen at the NiOOH electrode and
oxygen at the negative electrode, although these reactions are unhkely in an alkaline
environment unless the cell is severely overdischérged, a cohsideration for multiple cells in
series.
Self-dischar_ge."——The rate of 'self-discharge i an important characteristic of the

- cell. Oxygen and hydrogen can be generated from the following reactions:
- NiOOH + %2 H)0 < Ni(OH), + 40, ' (27)
MH < M+%H, (28)

twakura ef al 57 and Sakai ef 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 Ni/Cd cell. As expected, they found that for an alloy with a lower
equilibrium hydrogen pressure the rate of self- dlscharge is reduced. For a sealed system,
‘hydrogen stored in the alloy may desorb from the metal according to equatlon 28, be

transported to the positive electrode, and recombine according to equation 26, but the
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kinetics is slow. Oxygen generated (eq.v 27) can als§ diffuse to the negative eléctrode and
recombine (eq. 25), resulting in transport of ixydrogen from the negétive to the positive
electrode.

There are several strategies for reducing the rate of self-discharge. First, select
a material with a low equilibrium pressure of hydrogen for the desired range over which x
(H,ABs) is cycled. When the pattial 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 ef 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 ﬂitrate impurities. Their results suggest that shuttle mechanisms for self-discharge
are presentv. Nitrate irﬂpurities in NiOOH electrodes are known t'o. increase the rate of
self;discharge in the Ni/Cd cell, and the nitrates, as well as other impurities, may
contribute to the rate of self-discharge. We are not aware bf 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 Ni/Cd cells. Nonetheless, it is
useful to compare the advantages and disadvantages of the metal hydride cells with other
batteries. The Ni/Cd 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 .
Ni/Cd cells (attributed to the cadmium electrode). Metal hydride batteries, however,
cannot be charged with the "peak-detect fast charg;ers" currently used with Ni/Cd cells.

Attempts are underway to standardize the size and capacity of the NiOOH-metal hydride
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cells and to make them compatible with'Ni/Cd chargers.3? Today NiOOH-metal hydride -

~ cells cost about twice as much as comparable Ni/Cd cells.

The lead acid cell is a widely used and Well-understood secondary battery. The
specific energy of the cell is lcw, and lead is a toxic. The sodium sulfur cell has
exceptional speciﬁc ienergy, but is a i\igh-temperature battery. As a consequence there are
problems i)vith materials corrosioh, scaling, and freeze-thaw cycles. Cpcle life is short for |
cells in series, largeiy attribxitcd to failure of the B"—aluniina 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 H,-NiOOH cell is not practical for
traction applications. Characteristics and prospects for other battery systems can be found
in tlie 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 atid reacts irreversibly with the electrolyte. This has been circumvented to SOnie
extent by replacing the lithium foil negative electrode v_i'ith an intercalation vmateria], such
as carbon. This concept (dﬁal lithilim ion insertion or "rccking-chair:' cells) has been used
in cbrmhercia_l cells for portable appliancc.s.61 Second, there is no préctical overcharge or
ovérdischa_rge 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-mefal hydride cell, particulariy for electric-vehicle
applications, where low cost and high performance are required. Some possible future

research areas are: _ ; v
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o detailed mathematical modeling

o design and scale-up of large batteries

o analysis of thermal effects |

D optimization of alloy composition

. charging/discharging multiple cells in series

e fundamental studies of kinetic mechanisms including
overcharge/overdischarge mechanisms

e development of a positive electrode with a larger specific energy

o fundamental studies of transport in intermetallic alloys

o 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 vehi_cles, for example,
require much larger batteries ‘than' commercially available NiOOH—metal hydride cells.
Matsumoto et al 62 identified several problems with the scale-up of NiOOH-metal hydride
cells. In particular, they saw lligh temperatures and high pressures and lower utilization of
active material in‘larger,batteries._ They postulated that the loyv utilization Waa_ due to the
distribution of electrolyte in.the cell. - Little work has been published on modeling and
design of metal-hydride electrodes R d |

Thermal management is crltlcal for the NlOOH-metal hydnde cell. Achlevmg a
large number of cycles-, low cell pressure, and high specific energy, will depend on a good
understanding of tem‘perature distribntions in large cells. Aswe have seen, the equilibrium
ipressure of hydrogen increases with temperature Physwochermcal propertres are strongly
dependent on temperature. In addrtron the charge acceptance of the NiOOH electrode is
poor above 35°C. A thorough analy51s of thermal effects on the performance of these
cells is needed. _

Some re_s\earchers have investigated solid-state metal hydride batteries
requiring a polymer o’r otlter 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 combin_ing the functions of separator and electrolyte. Some of the
possible problems are: polymer electrolytes have low conductivity at room tempefature,
loss of contact with the electrolyte, and poor overcharge and overdiscliarge caipabilities.

Optimization of the composition of the alloys can be expected to continue as
an active area of research. Klein and Salkind®4 estimated the costs of ABjs 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
_ improvément 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 énergy 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. Althoug}i ,.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 pasé
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 overchargé-mechanisms is warranted.

This analysis would also apply to batteries other than the NiOOH-metal hydride cell.
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Lisf of Symbols
concentration of speciés i,l mol/m3
diffusioﬁ coefficient, m2/s
Faraday's constant, 96,487 C/mol *
current density, A/m?2
superficial current density, A/m?2
width of cell, m
number of electrons transferred
flux of species i, mol/m2-s’
pressure or fugacity, bar

radius of solid particles, m

dimensionless ratio defined in equations 16 and 19

transference_, number of species 7
open-circuit potential, V
velocit);, m/s
charge\number
thickness of electrode, m
electrical pdteﬁtial, \%
electrical conductivity, S/m
electrochemical potential of species #, J/mol
porosity of electrode

Subscripts
solid phase |
maximum concentration
cation
anion

solvent
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e electrolyte
1 solid'phase )
2 | eiect_rolyte phase ¢
Supe‘rscripts.
0 standard cell potential
* ‘'secondary reference state
o pure component ‘-
a volume average quantity
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