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HYDROGEN STORAGE HYDRIDE ELECTRODE
MATERIALS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

This application is a continuation of Ser. No. 438,340,
filed Nov. 16, 1989, now abandoned, which is a reissue
application of Ser. No. 122,042, filed Nov. 17, 1987, U.S.
Pat. No. 4,849,205.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to hydrogen storage materials
and their electrochemical application. More particu-
larly, this invention relates to the composition of novel
materials for rechargeable hydride electrode materials.
This invention further relates to a simple but effective
method to determine a multi-component alloy as a po-
tential candidate for hydride electrode applications.

2. Description of the Prior Art

Hydrogen can be stored in a heavy cylinder at high
pressure as a gas at room temperature, Or it can be
stored in a well insulated container at low pressure as a
liquid at ultra low temperature. The high pressure stor-
age method involves significant safety problems, and
relatively little hydrogen can be stored in a given vol-
ume of container vessel. The ultra low temperature
storage method involves a significant waste of electric-
ity to power cryogenic liquefaction devices, and, be-
cause of evaporation, the hydrogen cannot be stored
indefinitely.

A preferable way to store hydrogen is to use a solid
material which can absorb hydrogen in a reversibie
manner. This process is known as hydriding. Two ex-
amples of hydriding processes are:

M(s)+ $H2{g)—~MH(s) (1)

M(s)+ sHsO +e——MH(s)+OH™ (2)
where M(s) is the solid hydrogen storage materal,
MH(s) is the solid hydride, e— is an electron and OH—
is the hydroxy! ion. Equation (1) is a solid-gas reaction
process which can be used to store thermal energy.
Equation (2), on the other hand, is an electrochemical
reaction that can be used to store electrical energy. In
both equations, hydrogen is stored during a charge
reaction and is released during a discharge reaction.
Not every metal alloy can be used in the above hy-
driding process. It is also the case that not every metal
alloy that can be utilized in the solid-gas reaction (Eq. 1)
can be used in the electrochemical reaction (Eq. 2). For
example, the hydrogen storage materials: Ti-Zr-Mn-C-
V alloys, disclosed in U.S. Pat. No. 4,160,014 are not
readily suitable for electrochemical reactions, as for
example those involved in a battery application. An-
other example of hydrogen storage materials is given in
Japanese Patent Sho 55-91950 which discloses alloys
with the following composition formula: (V 1-x Tix)3IN15.
yM,, where M equals Cr, Mn, Fe, and where x and y are
defined by: 0.05=x=0.8 and 0=y=0.2. These materi-
als restrict the amount of Ni+M equal to 25 atomic
percent with less than 5 atomic percent of M, and the
amount ot Ti+V equal to 75 atomic percent. As a re-
sult, in addition to the potential corrosion problem ad-
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duced from using these materials, the hydrides of these
materials are either very stable at ambient temperature
or are of high cost. Consequently, these materials are
not readily [useable] usable for electrochemical appli-
cations.

Among the many hydride materials that have been
developed, only a few of them have been tested electro-
chemically. Examples of such research are U.S. Pat.
Nos. 3,824,131, 4,112,199, and 4,551,400. The hydride
electrode materials invented primarily by the present
inventor and disclosed in U.S. Pat. No. 4,551,400 have
superior properties as compared to the hydride elec-
trode materials described in the other patents herein-
above cited. The materials disclosed in the U.S. Pat. No.
4,551,400 are grouped as:

[TiVi—x Niy] TiVa_x Nix where 0.25x=1.0; (a)

0.6=y=3.50, (b)

which can be rewritten as [Tij—x Zrx, V2-y Ni]
Tf-[ _x*er' Vz_.y'ny',
where 0=x'=0.75, 0.3=y'=1.75; and

Tl] —-—X Crx vz__y NIJ,':, where OZEIEG*?S,
025y=10.

(c)
These materials are all limited to the pseudo TiVa type
alloys with the following composition restriction:
Group (a): Ti=233.3 atomic %, V+Ni=66.7 atomic
Te;
Group (b): Ti+Zr=33.3 atomic %, V+Ni=66.7
atomic %; and
Group (c): Ti4+Cr=233.3 atomic %, V-+Ni=660.7
atomic %.

This restriction results in all these materials having one

or several weaknesses, especially high cost, short life
cycle, and low capacity, as well as 1n some cases poor
rate capability.

A good hydrogen storage material of the class de-
scribed suitable for electrochemical applications has not
been reported to date in the scientific literature, as well
as Letters Patent. Particularly there has been no disclo-
sure of how to provide a simple qualitative approach for
developing or optimizing hydride materials for storing
hydrogen as well as for hydride electrodes. As a result,
the common method has been one of a tnal-and-error,
which has resulted in the expenditure of considerable
wasted time, money and human resources.

Consequently, which is needed is a good hydrogen
storage electrode material, having at the minimum the
following properties:

Excellent hydrogen storage capacity;

superior electrochemical catalyst for hydrogen oxi-

dation;

high hydrogen diffusion rate;

suitable hydrogen equilibrium pressure; and

reasonable cost.

To fit the above restrictions, the present invention
provides, through the application of thermodynamics,
kinetics and electrochemistry, a method for selecting a
good hydride candidate suitable for electrochemical
applications. More particularly, the composition of
advanced hydride electrode materials and the methods
of their fabrication are disclosed herein.
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SUMMARY OF THE INVENTION

The present invention discloses the following maten-
als, represented by formulae, for hydrogen storage and
hydride electrode applications.

[Ti,ZrpNiCrgM;, Y TigZrpNicCraMzH)y or
TiaZrpNi CrgH,

where M equals any of Al, Si, V, Mn, Fe, Co, Cu, Nb,
Ag, Pd, and rare earth metals, and where a, b, ¢, d, and
x are defined by: 01=a=14, O01=b=1l3,
0.24=c=1095 0.1=d=14, and a+b+c+d=3, and
0=x=0.2 and y>0.

TigCrpZr NigV3.g.-pec-dMx;

where M equals any of Al, Si, Mn, Co, Cu, Fe, Nb, Ag,
Pd, and rare earth metals, and where a, b, ¢, d, and x are
defined by: 0.1=a=13, 01=b=12, 01 =c¢=1.3,
0.2=d=1.95, [04=a+b+c+d=2.9]
05Sa+b+c+d=29 0=x=02, and for x=0 and
b=0.5, then a+c¢50.3.

TioZrsNicV 3.0-5.cMax.

where M equals any of Al, Si, Cr, Mn, Fe, Co, Cu, Nb,
Ag. Pd, and rare earth metals, and where a, b, C, and x
are defined as: 0.1=a=1.3, 01=b=1.3, 0.25=c=1.95,
0=x=0.2 and 0.6=a+b+c=29;, for x=0 then
a+bz=1and 0.24=b=1.3.

TigMnpV NigMy,

where M equals any of Al, Si, Cr, Fe, Co, Cu, Nb, Zr,
Ag, Pd, and rare earth metals, and were a, b, ¢, d, and
x are defined by: 0.1=a=1.6,01=b=1.601=c=17,
0.2=d=20,a+b+c+d=3, and 0=x=0.2.

The materials disclosed by the present invention may
be prepared by electric arc, induction or plasma melting
under inert atmosphere. The present invention also
provides methods of storing hydrogen by the materials
disclosed.

The present invention further discloses a general
method to develop a potential multicomponent alloy
A/B;C, . . . for hydrogen storage and rechargeable
hydride electrode applications. This method consists of
the following two steps:

Step 1: Let the candidate alloy AgBsC.. . . contain at
least 5 mole percent, but less than 65 mole percent, of
nickel metal in the composition, preferably, 15 to 45
mole percent of nickel; and

Step 2. Set the proper numbers ofa,b, c,...inthe
alloy AgBsCc . . . such that it has a calculated heat of
hydride formation, Hj, between —3.5 and —9.0 Kcal/-
mole H, preferably —4.5 to —8.5 Kcal/mole H. The
equation for the H; calculation 1s:

Hp=(aHp(A)+bHiB)+cHK(C)+ ... V(a+b+c+
.-+ K,

(3)
where Hx(A), Ha(B), HK(C), . . . are the heat of hydnide
formation of the metals A, B, C, . . ., respectively, in
Kcal/mole H, and where K is a constant related to the
heat of formation of the alloy A;BsC. . . . and the heat
of mixing of hydrides of A, B, C, . .. The values of K
are: 0.5, —0.2,and —1.5fora+b+c+ ...equalto 2,3,
6, respectively. However, for practical purposes, the
value of K can be set to zero. The values of the heat of
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hydride formation of metal elements can be found else-
where, exemplified by the following:

Mg: —9.0, Ti: —-15.0,V: -7.0, Cr: —1.8], Mn; —2.0,
Fe: 40, Co: 4.0, Ni: 2.0, Al: —1.38, Y. —-27.0, Zr:
—19.5, Nb: —9.0, Pd: —4.0, Mo: —1.0, Ca: —21.0, and
rare earth metals: —25.0, all in units of Kcal/mole H.

For the alloy with a+b+c+ ... other than 2, 3, and
6, K can simply be set equal to zero, or the formula may
be normalized to the nearest pseudo type and therefore
its heat of hydride formulation can still be obtained by
equation (3).

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The present invention discloses four main groups of
materials which can serve as a hydride for reversible
hydrogen storage applications, and more particularly,
can serve as a negative electrode active material for
[ elctrochemical applications.] electrochemical applica-
tions.

The first group of materials contains titanium, zirco-
nium, nickel and chromium. It may also include another
element or elements such as aluminum, vanadium, man-
ganese, iron, cobalt, copper, niobium, silicon, silver and
palladium, or rare earth metals. The composition of an
alloy in this group can be represented by the following
formula:

TigZrpNi LrgM x,

where M equals any of Al, Si, V, Mn, Fe, Co, Cu, Nb,
Ag, Pd, and rare earth metals, and where a, b, ¢, d, and

x are defined by: O01=a=14, 01=b=13,
025=<c=195 0.1=d=14, a+b+c+d=3, and
=x=0.2. Preferably, 0.25=a=1.0, 02=b=1l.L0,

0.8=c=1.6,and 0.3=d=1.0.

The second group of materials of the present inven-
tion contains titanium, chromium, zirconium, nickel and
vanadium. Another element or elements can be added,
such as aluminum, silicon, manganese, iron, cobalt,
copper, niobium, silver, palladium, or rare earth metals.
The composition of an alloy in this group is expressed
by the following formula:

TigCrpZrNigV 3.g-p-c-dMx

where M equals any of Al, Si, Mn, Co, Cu, Fe, Nb, Ag,
Pd, and rare earth metals, and where a, b, ¢, d, and x are
defined by: 0.1=a=13, 01=b=12, 01=c=1.3,

0.2=d=1.95, [0.4=a+b+c+d=29)
05=a+b+c+d=29 0=x=0.2, and for x=0 and
b=0.5, then a-+c=%0.5. Preferably, 0.15=a=0.1,
0.15=b=1.0, 0.2=c=1.0, 04=d=1.7, and

1.5=a+b+c+d=23.

An alternative to the second group of materials is the
composition: TigCraZrcNigV3.20-c.aMx wherein M equals
any of Al, Si, Mn, Co, Cu, Fe, Nb, Ag, Pd, and rare earth
metals, and where a, ¢, d and x are defined by:
01=a=1.2, 01=c=1].2 0.2=d=19),
0.9=2a+c+d=28 and 0=x=0.2.

Another alternative is a composition of the formula.
Ti CroZri-2aNigVi.aMx where M equals any of Al, Si, Mn,
Co, Cu, Fe, Nb, Ag, Pd, and rare earth metals, and where
a d and x are defined by: 0.1=a=045, 025=d=1.95,
and 0=x=0.2. |

Another alternative is the following composition for-
mula: Ti,CroZroNiz.cVi.2aMx where M equals any of Al
Si. Mn, Co, Cu, Fe, Nb, Ag, Pd, and rare earth metals,
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and wherein a, ¢, and x are defined by: 0.1=a=0.45, property of a hydrogen storage alloy such that every
02=c¢=12 and 0=x=02 : part of the material body has good catalytic function In
The third group of materials described by the present addition to hydrogen storage function.
invention contains titanium, zirconium, nickel and vana- According to the present invention, the alloy A BsC.
dium. Another element or elements can be added, such 5 ...of A, B, C, ... elements should contain at least 3
as aluminum, silicon, manganese, iron, cobalt, copper, mole percent of nickel to have a resonable rate capabil-

niobium, silver, palladium, or rare earth metals. The ity, but not contain more than 65 mole percent of nickel,
composition of an alloy in this group is expressed by the to insure a reasonable amount of hydrogen storage ca-

following formula: pacity. Preferably, the nickel content is in the range of
10 between 15 to 45 mole percent.
TigZrpNicV3.6-5-M, In addition to the restriction of nickel content, ac-

cording to the present invention, the alloy should meet

where M equals any of Al, Si, Cr, Mn, Fe, Co, Cu, Nb,  the hydrogen pressure and bulk diffusion rate require-
Ag, Pd, and rare earth metals, and where a, b, c, and X ments setforth hereinabove. The material AoBsCc - . .
are defined as: 0.152=1.3, 0.1=b=1.3,0.25=c=1.95, 15 should have a calculated heat of hydride formation (1.,
0=x=0.2, and 0.6=a+b+c=29; for x=0 then partial molar heat of enthalpy of hydrogen), Hj in the
a+b=t1 and 0.24=<b=13. Preferably, 0.15=a=0.8, range of between —3.5 and —9.0 Kcal/mole H. Prefer-
02=b=0.8 05=c=15, and 1.5=a+b+c=25 ably this heat, Hj, is between —4.3 and —8.5 Kcal/-
An alternative composition formula is: TigZry-aNicV3.y- mole H. The heat of hydride formation, Hy, of an alloy

cMy wherein M equals any of Al, Si, Cr. Mn, Fe, Co, Cu, 20 A B)C,. .. can be calculated through the following
Nb, Ag, Pd, and rare earth metals, and where a, ¢, X, and thermodynamic cycle:

AB,C.. .. + n/2 Hj —ﬁﬁ A.BiCc ... Hp
—Ry O

n H™
T H (1
(A +pB+ L +...) + n/2 H» ——ﬂ9 (t,AH + BH + £H + ...)

y are defined as: 0.1=a=13, 0.2=c=1.95 0=x=02,
and 0.7=y=1.6.
The fourth group of materials according to the pres- 3¢ \where Hyis the heat of formation of the alloy AJBsC.

ent invention contains titanium, manganese, nickel, and ... Hmis the heat of mixing of hydrides AH, BH, CH,
vanadium. Another element or elements can be added, ..., and each is with the respective heat of hydride
such as aluminum, silicon, iron, cobalt, copper, zirco- formation Hx(i), i.e., Ha(A), Hi(B), HA(C), . . . Kcal/-
nium, niobium, silver, palladium, or rare earth metals. mole H.
The composition of an alloy in this group is expressed 33 For a +b+c+ ... =n, it is clear from the above
by the following formula: thermodynamic cycle that the heat of hydride forma-
. | tion of the alloy A ByC.. .., Ha, is:
TigMnpV NigM,,
H;=(aH)(A)+bHuB)+cHKC)+. .. )/(a+b+c+.
where M equals any of Al, Si, Cr, Fe, Co, Cu, Nb, Zr, 40 .. )—-Hg{a+b+c+...)+H™
Ag, Pd, and rare earth metals, and were a, b, c, d, and
x are defined by: 0.1=a=1.6,0.1=b=16,01=c=1.7, The mixing of hydrides can be considered the mixing
0.2=d=20,a+b+c+d=3,and 0=x=0.2. Preferably, of metals with hydrogen as common species. This pro-
0.5=a=1.3, 0.3=b=1.0, 0.6=c=1.5, and cess is similar to the mixing of binary [fluorides, where
l4=a+b+c=2.7. 45 the fluoride fluorides, where the fluoride ions are the

The present invention also provides a simple method common species. From knowledge of [flouride] fluo-
to select the composition of a multicomponent alloy for ride systems, the values of the heat of mixing of binary

hydrogen storage and rechargeable hydride electrode hydrides to form a relatively stable multicomponent

applications. hydride, should be between —2 and —35 Kcal/mole H,
The reaction mechanisms on a hydride electrode are 50 depending upon the metals used. Let H™ equal —2.5

very different from that of an [electrocatallytic elec- Kcal/mole H. On the other hand, in general, the heat of

trode, Jelectrocatalytic electrode, rode, such as those formation of a stable metal alloy, Hy, is about —6.0+3.0

used for water electrolysis or fuel cells. A hydride elec- Kcal/mole alloy.

trode not only serves as an electrocatalyst for hydrogen Comparing the values of H™ and Hy equation J,

oxidation (during discharge) and water electrolysis 55 above, can be obtained. Therefore, the heat of hydnde
(during charge), but also serves as a medium for the formation, Hx, of the alloy A BsC.. . . can be thereby
storage and release of hydrogen. Because of these dual calculated.

functions, some researchers have suggested the use of a Thus, the steps 1 and 2 described above can be used to
surface coating to improve the surface catalytic prop- provide a simple quantitative method of selecting the
erty of a hydride electrode to boost the rate capability. 60 composition of a multicomponent alloy for hydrogen
However, this approach can only give a very limited storage and hydride electrode applications. Neglecting
improvement. The surface coating has a very limited the small contribution due to M in Groups 1-4, the heat
domain, and can be easily destroyed by swelling and of hydride formation can be calculated by the following
shrinking processes during the course of the charge and equations:

discharge cycles due to the accompanying hydriding 65 The heat of hydride formation of an alloy in the first
and dehydriding of the material during these cycles, group of materials having a composition represented by
respectively. The best way to guarantee a good rate the formula:

capability of an electrode is to enhance the intrinsic
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TigZ1pNi Cr M,
can be calculated by the following equation:

Hjp= —50a—6.55+4+0.67c—0.67d Kcal/mole H. (4)
where a4+b+c+d=3.

A suitable alloy in this group should have the value of
Hj in the range between —3.5 and —9.0 Kcal/mole H,
and preferably between —4.5 and —8.5 Kcal/mole H.

The heat of hydride formation of an alloy in the sec-
ond group of the materials having composition repre-
sented by the formula:

TigCrpZrNigV3.a.-p-c-daMux

can be calculated by the following equation:

Hjy=—2.6%+ 1.66b—4.14c + 2.98d — 7.0 Kcal/mole
H.

A suitable alloy in this group should have a value of
H; in the range of between —3.5 and — 9.0 Kcal/mole
H, and preferably between —4.5 and —8.5 Kcal/mole
H. |
The heat of hydride formation of an alloy in the third
group of the materials having a composition repre-
sented by the formula:

Tlgz 4 lecV S-g.b.rM x

can be calculated by the following equation:
[{H)= —2.65—4.14+2.98C—- 7.0 Kcal/mole H. ]}

Hp=2065q—4.14b+ 2.98c— 7.0Kcal/mole H. (6)

A suitable alloy in this group should have a value of 3

H, in the range of between — 3.5 and —9.0 Kcal/mole
H, and preferably between —4.5 and —8.5 Kcal/mole
H.

The heat of hydride formation of an alloy in the
fourth group of the material having a composition rep-
resented by the formula:

can be calculated by the following equations:

Hi=(—-150a—2.0b+2.0c~7.0d)/(a+b+c+d)

Kcal/mole H. (7)

A suitable alloy in this group should have a value of 30

H, in the range between —3.5 and —9.0 Kcal/mole H,
and preferably between —4.5 and —8.5 Kcal/mole H.

The multicomponent alloy in accordance with the
present invention can be prepared by induction heating,
arc or plasma melting, under an inert atmosphere. A
higher temperature as well as several remelting runs
will be useful to [obtian] obrain a more homogeneous
material. A small amount of alkalai metal or alkaline
earth can be used as a deoxidizing agent during the
melting process.

To store gaseous phase hydrogen, the active materi-
als of the invention can be charged at 100 to 300 p.s.1.
hydrogen after the air in the whole system has been
evacuated. Moderate temperature of between 100 to
200 degrees Centigrade will accelerate the hydriding or
dehydriding process. It is [prefered] preferred to first
granulate the material into small particles in order to

n
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0 01=d=14 a+b+c+d=3 0=x=02

ensure complete activation of the material in the hydro-
gen.

For the electrochemical application, an electrode
containing the active material of the present invention 1S
first prepared. The electrode is made in the following
manner. The active material powder with or without
binder, such as pure nickel, aluminum or copper (up to
10 wt. %), is cold pressed onto a nickel grid or a nickel
plated mild steel grid with a pressure of between 5 to 20
tons per square inch. The resulting electrode may be
subject to a sintering process (at 600 to 1100 degrees C.
for 3 to 10 minutes under protective atmosphere) to
enhance the strength of the body structure. Finally, the
electrode is activated electrochemically at an electric
current density of up to 50 to 100 mA/g rate (cathodic
charging followed by anodic discharging) for a couple
or several cycles in an alkaline solution. The electrode 1s
then ready to combine with a positive electrode such as
an Ni-positive electrode for an electrochemical applica-
tion.

The invention pertains to a material for hydrogen storage
and a hydride electrode, said material comprising the com-
position formula selected from the group consisting of:

TJ};Z r bN J‘rcr dM IM ¥

where M equals any of Al, Si, V, Mn, Fe, Co, Cu, Nb, Ag,
Pd. and rare earth metals, and where a, b, ¢, d, and x are
defined by: 0.1=a=14, 0I1=b=13, 0.25=c=1.95,
and y>0
wherein 1.2=Ti+ Zr=2.7;

Tl.ﬂcr b.Zl" c,i\rfd V}_ﬂ. b-c- dM X

and hydrides thereof,
where M equals any of Al, Si, Mn, Co, Cu, Fe, Nb, Ag,
Pd and rare earth metals, and where a, b, ¢, d, and x
are defined by: 01=a=13 0I=b=1.2
0.15c=13 02=d=195 05=a+b+c+d=29
0=x=02  wherein Q02=Ti+2Zr=080 and
0.]=V=14 and for x=0 and b=0J5, then
a+c£0.3.
The invention also pertains to a material for hydrogen
storage and a hybride electrode, wherein said composition

45 formula is:

33

60

65

TiaMnpV Nighty

where M equals any of Al, Si, Fe, Co, Cu, Nb, Ag, Pa,
and rare earth metals, and where a, b, ¢, d, and x are
defined by: 1.2=a=16, 03=b=10 01=c=17
0.25d=20 a+b+c+d=3 0<x=0.2.
The invention also pertains to a material for hydrogen
storage and a hybride electrode, wherein said material
having composition formula consisting of:

ﬂngﬁNl'fCrde:

and hydrides thereof, where M is selected from the group
consisting of Al, Si, V, Mn, Fe, Co, Cu, Nb, Ag, Pd
and rare earth meitals, and where a, b, ¢, d, and x are
defined by: 0.25=a=1.0 02=b=1.0 08=c=1.6
03=d=10 a+b+c+d=3, 3, 0=x=0.2, wherein
12=Ti +2r=2.0.
The invention also pertains to a material for hydrogen
storage and a hydride electrode, wherein said material
having composition formula consisting of.
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TigCrpZreNigVia g be-dMx

and hydrides thereof, where M is selected from the group
consisting of Al, Si. Mn, Co, Cu, Fe, Nb, Ag, Pd, and
rare earth metals, and where a, b, ¢, d, and x are
defined by: 0.15=a=10,015=b=1.0 02.=2c=10,
04=d=17 15Sa+b+c+d=23 and 0=x=0..,
035=Ti+2Zr=08 07=V=14 and for x=0,
b=0.35, then a+c#0.).

EXAMPLE 1

A first group of materials is represented by the for-
mula:

TigZrpNiCr M,

where M equals any of Al, Si, V, Mn, Fe, Co, Cu, Nb,
and rare earth metals, and where a, b, ¢, d and x are
defined by: 0.1=a=14, 0.1=b=13, 0.25=c=1.95,
0.1=d=14,a+b+c+d=3, and 0=x=0.2.

Alloys having compositions in this first group are
given in Table 1. Proper amounts of pure metal ele-
ments were weighed, mixed, pressed into pellets, and
then melted together by arc or induction heating under
argon atmosphere. Small chunk samples ranging from
100 to 300 mg. were tested electrochemically in a 4M
KOH solution. A nickel wire or nickel positive elec-
trode was used as the counter electrode. The electro-
chemical capacity at a 100 mA /g discharge rate of these
alloys measured down to —700 mV versus an Hg/HgO
reference electrode cut-off potential is shown in Table
1. Material in this group have high capacity, long life
cycles and good rate capability. In this first group, ma-
terials given in Table 1 also show the calculated heat of
hydride formation in the range of between —4.5 and
—8.5 Kcal/mole H in agreement with the rules stated
hereinabove.

EXAMPLE 2

A second group of materials is represented by the
formula:

Ti,CrpZr NigVi.4.p-c.dMx,

where M eguals any of Al, Si, Mn, Co, Cu, Fe, Nb, and
rare earth metals, and where a, b, ¢, d, and x are defined
by:0.1=a=1.3,01=b=1.2,01=c=13,02=d=1795,
[04=a+b+c+d=29]) 0S5=a+b+c+d=29, and
0=x=0.2.

Alloys having compositions in this second group
were prepared and tested in accordance with the proce-
dures described in Example 1. Some of the experimental
results are given in Table 1. Materials in this group have
high capacity, long life cycles and good rate capability.
In this second group, materials listed in Table 1 also
have the calculated heat of hydride formation in the
range of between —4.5 and —8.5 Kcal/mole H, in
agreement with the rules stated hereinabove.

EXAMPLE 3

A third group of materials is represented by the for-
mula:

TigZrpNiV3.g-b-cMax,

where M equals any of Al, Si, Cr, Mn, Fe, Co, Cu, Nb,
and rare earth metals, and where a, b, ¢, and x are de-
fined as: 0.1=a=1.3 0.1=b=1.3, 0.25=c=1.95,

10

0=<x=0.2, and 0.6=a+b+c=29; for x=0 then

a+b=x]1and 0.24=b=1.3.
Alloys having compositions 1n this group were pre-
pared and tested in accordance with the procedure

$ described in Example 1. Some of the experimental re-
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sults are also given in Table 1. In this third group, mate-
rials listed in Table 1 have the calculated heat of hy-
dride formation in the range between —4.5 and —8.5
Kcal/mole H, in agreement with the rules stated herein-

above.

EXAMPLE 4

A fourth group of materials is represented by the
formula:

TlgMﬂbV cNidel

where M equals any of Al, Si, Cr, Fe, Co, Cu, Nb, Zr,
and rare earth metals, and were a, b, ¢, d, and x are
defined by: 0.1=a=16, 0.1=b=1l.6, 0.1=c=1.7,
0.2=d=20, a+b+c+d=3, and 0=x=0.2.

Alloys having compositions in this group were pre-
pared and tested in accordance with the procedures
given in Example 1. Some of the experimental results
are given in Table 1. The cycle life and rate capability of
the alloys in this group are excellent. In this fourth
group, materials shown in Table 1 have the calculated
heat of hydride formation in the range of between —4.5
and —8.5 Kcal/mole H, in agreement with the rules
stated hereinabove.

TABLE |

M
Electrochemical Capacity and Heat of Hydride Formation

of Matenials
Material Composition Capacity ! H;*

M

Group 1: TipgZrpNi CrgM

Tig 3Zr1.0N11 4Crp 3 2R0 - 7.27
TigaZrosNiy 4Cro s 290 —6.53
Ty sZrp aN1 2Crp s 300 —7.23
T sZr0. 7811 3Crg s 290 —6.52
Tip sZ10.6IN1) 4Crp.5 275 — 5.80
Tip.s2Zrp gNip 1Crg sMng 265 -~ 7.37
Group 2: Tiy,Cr hered™M
Tig4CroaZro2NweVi 4 295 —6.43
Tip.3Cro 3Zro.sN1[.15V D 45 268 —7.18
Tip.3Crp.3Zr0.4N1p6V 1.4 330 —7.16
Tig.35Crg.35Zra.sNi1oVo.8 2835 ~—6.43
Tig.3Crg.3Zr0.sNip.7V1.2Cuq 1 310 ~7.28
Group 3: TigZepNigVi.g.p My
Tio 6ZraosNi1 1Vos 310 —7.38
Tig 7ZrgeNi1.3V0.4 290 - 7.47
Tig7Zrg 4N11 1V 280 - 6.63
Tig 65Zrp 35Ni1.30V0.70 305 —6.38
Tig 3Zr0.8Ni1 1V0.6 275 -1.23
Tig sZrg.sNij.1Vo.1Cugp.2 250 —6.38
Group 4: TigMnpV N1gM,-
Ti1.oMng sV0.6N1o.9 280 —6.13
Ti  Mng sVo.sNip g 300 —6.40
Ti) aMng 45V 45Nip.9 310 -6.78
Tiy . 3Mng 39V 0.38Nip 93 315 -7.03
Ti) 1Mng sV g sNip eCoq 1 280 —6.40

N

ImAh/g (a1 100 mA/g)
1K cal/mole H. The heats of hydride formation are calculated from the equanons
47, hereinabove.

What is claimed is:

1. A material for hydride hydrogen storage and a
hydride electrode, said material comprising the compo-
sition formula selected from the group consisting of:

TigZrpNi CrgMH,
where M equals any of Al, Si, V, Mn, Fe, Co, Cu, Nb,
Ag, Pd, and rare earth metals, and where a, b, ¢, d,
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and x are defined by: 0.1=a=14, 0.1=b=1.3,
0.25=c=1.95, D.1=d=1.4, a+b+c+d=3,

0=x=0.2, and y <0 wherein Ti+ Zr=1.2;
TigCrplreNigV 1.g.6c.dMx

and hydrides thereof,

where M equals any of Al, Si, Mn, Co, Cu, Fe, Nb,
Ag, Pd and rare earth metals, and where a, b, c, d,
and x are defined by: 0.1=a=1.3, 0.1=b=1.2,
0.1=c=1.3, 0.2=d=1.95, 0.4)
05<a+b+c+d=29, 0=x=0.2, and for x=0,
and b=0.5, then a+c3520.5 and [b=0.25] wherein
Ti+Zr=0.80 and V=14[;

TigZrpNicV3a.pcMu,

where M equals any of Al, Si, Cr, Mn, Fe, Co, Cu, Nb,
Ag, Pd, and rare earth metals, and where a, b, c, and x
are defined as: 0.1=a=<1.3,0.1=b=1.3,025=c=1.95,
0=x=0.2, and 0.6Za+b+c=2.9, and for X=0 then
a+bs£1 and 0.24=b=1.3; and

TigMnpV NigM;,

where M equals any of Al, Si, Cr, Fe, Co, Cu, Nb, Zr,
Ag, Pd, and rare earth metals, and were a, b, ¢, d, and
x are defined by: 0.1=a=16,0.1=b=16,0.1=c=17,
02=d=<20, a+b+c+d=3, and 0=x=0.2, and for
x=0 then b+d=£0.75]

2. A hydride of the material [0] of claim 1 compris-
ing the composition formula selected from the group
consisting of:

TigCrpZrNigVig-p—e-dMx,

where M equals any of Al, Si, Mn, Co, Cu, Fe, Nb, Ag,
Pd, and rare earth metals, and where a, b, ¢, d, and x are
defined by: 0.1=2=1.3,0.1=2b=1.2, [0] 0.71=c=1.3,
0.2=d=1.95 [04] 05 =a+b+c+d=[24] 2.9
0=x=0.2 [, and for x=0, and b=0.5, then a+¢0.3
and b=0.25;

TigZraNiVia.p My,

where M equals any of Al, Si, Cr, Fe, Co, Cu, Nb, Ag,
Pd, and rare earth metals, and were a, b, ¢, d and x are
defined as: 0.1=<a=1.3, 0.1=b=1.3, 025=c=1.9;
0=<x=<0.2 and 0.6=a+b+c=29, and for x=0 then
a+bs%1 and 0.24=b=1.3: and

TInM l'lechdM_x.

where M equals any of Al, Si, Cr, Fe, Co, Cu, Nb, Zr,

Ag, Pd, and rare earth metals, and where a, b, ¢, d, and

x are defined by: 0.1=a=16,01=2b=16,01=c=1.7,

02=d=20, a+b+c+d=3 and 0=x=0.2, and for
=0 then b+d=0.75].

3. The material of claim 1 in the form of at least one
hydride electrode for an electrochemical energy stor-
age system.

4. A material as defined in claim 1, wherein said com-
position formula 1s

TigZrpNiCrgH,.

where a, b, ¢, and d are defined by: 0.1=a=14,
0.1=b=1.3, 0.25=c=1095 0.1=d=14, y>0 and
a+b+c+d=3.
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8. The material of claim 4 in the form of at least one
hydride electrode for an electrochemical energy stor-
age system.

6. A material as defined in claim 1, wherein said com-
position formula is:

TigCrpZrNigVi_g-p-c-d.

where a, b, ¢, and d, are defined by: 0.1=a=1.3,
[0.25=b=12} 0.15=b=1.0, 0.1=c=1.3,
0.2=d=195[, 04=a+b+c+d=29, and if b=0.5,

then a+c¢3£0.5].

7. A hydride of the material of claim 6.

8. The material of claim [6] 7 in the form of at least
one hydride electrode for an electrochemical energy
storage system.

[9. A material as defined in claim 1, wherein said
composition formula is

TigZrpNiVig-pc

where a, b, and c¢ are defined as: 0.1=a=1.3,
024=<b=1.3, a+b—1, 025=c=195  and
0.6Za+b+c=29.]

[10. A hydride of the material of claim 9.

[11. The material of claim 10 in the form of at least
one hydride electrode for an electrochemical energy
storage system. ]

[12. A material as defined in claim 1, wherein said
composition formula 1s

TiMnpV Nig,
were a, b, ¢, and d, are defined by: 1.6,
0.1=a=0.1=b=1.6 D.1=c=1.7, 0.2=d=2.0,

b+d=£0.75 and a+b+c+d=3.]

[13. A hydride of the material of claim 12.}

[ 14. The material of claim 13 in the form of at least
one hydride electrode for an electrochemical energy
storage system. ] .

15. A material [as defined in claim 1,] for hydrogen
storage and a hydride electrode, wherein said composi-
tion formula is

TlﬂMﬂbV fNide,

where M equals any of Al, Si, [Cr,] Fe, Co, Cu, Nb,
[Zr,] Ag, Pd, and rare earth metals, and [were]}
where a, b, ¢, d, and x are defined by: 0.1=a= 1.6,
[0.1Sb=1.6] 03<bg10 01=c=17, 0.2=d=2.0,
a+b+c+d=3 and [O0=x=02] 0<x=02 and
Ti+2Zr= 1.2

16. A hydride of the matenal of claim 1J.

17. The material of claim 15 in the form of at least one
hydride electrode for an electrochemical energy stor-
age system.

18. A material as defined in claim 1, wherein said
composition formula

TigCroZrNigdV 3 2g-c-aMx,

where M equals any of Al, Si, Mn, Co, Cu, Fe, Nb, Ag,
Pd, and rare earth metals, and where a, ¢, d, and x are
defined by: [025] 0r1=a=12, O0l1=c=1.2,
02=d=109509=2a4c+d=28,and 0 =x=0.2.

19. A hydride of the material of claim 18.

20. The material of claim [18] /9 in the form of at
Jeast one hydride electrode for an electrochemical en-
ergy storage system.
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21. A matenal as defined in claim 1, wherein the
composition formula is

TigCrpZryo-pN14V2-gM .

where M equals any of Al, Si, Mn, Co, Cu, Fe, Nb, Ag,
Pd, and rare earth metals, and where a, b, d, and x are
defined by: 0.1=a=038, 0.1=b=0.8, Q25=d=1.95,
0=x =0.2, [and for x=0, then b=x0.5 and b=0.25].

22. A hydride of the material of claim 21.

23. The matenial of claim [21] 22 in the form of at
least one hydride electrode for an electrochemical en-
ergy storage system.

24. A material as defined in claim [227] 2/, wherein
the composition formula is:

TiCraZr]-2aNigV3.gMx,

where M equals any of Al, Si, Mn, Co, Cu, Fe, Nb, Ag,
Pd, and rare earth metals, and where a, d, and x are
defined by: 0.1=a=0.45, 0.25=d=1.95 0=x=0.2
[and when x=0 then a=0.25].

25. A hydride of the material of claim 24.

26. The material of claim [19] 25 in the form of at
least one hydride electrode for an electrochemical en-
ergy storage system.

27. A material as defined in claim 1, wherein the
composition formula 1s

TigCralr Ni3-cV1-2aMx,

where M equals any of Al, $1, Mn, Co, Cu, Fe, Nb, Ag,
Pd, and rare earth metals, and where a, ¢, and x are
defined by: 0.1=a=<0.45, 0.2=c=1.2, 0=x=0.2 [and
if x=0, then a=0.25].

28. A hybride of the material of claim 27.

29. The material of claim [27] 28 in the form of at
least one hydride electrode for an electrochemical en-
ergy storage system.

[30. A maternial as defined in claim 10, wherein the
composition formula is

Tiglri 24 1~a-dN1] 84V 4.

where a, d, and t are defined as: 0.1=a=0.3 and
0.62=a=1.3, 02=d=1.8, 0=t=1.55, 0=t-a~d=1.2
and —-0.1=a+d-t=0.96. ]

[31. A hydride of the material of claim 30.}

[32. The material of claim 30 in the form of at leat
one hydride electrode for an electrochemical energy
storage system.

[33. A matenal as defined in claim 1, wherein the
composition formula is

where M equals any of Al, Si, Cr, Mn, Fe, Co, Cu, Nb,
Ag, Pd, and rare earth metals, and where a, ¢, x, and y
are defined as: 0.1=a=1.3,0.2=c=1.95,0=x=0.2,and
0.7=y=1.6.]

[34. A hydride of the material of claim 33.]

[ 35. The material of claim 33 in the form of at least
one hydride electrode for an electrochemical energy
storage system.}

[36. A material as defined in claim 1, wherein the
composition formula is selected from the group consist-

ing of:
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TipZrpNia_pVioa,

where a, and b are defined as: 0.1=a=0.58,
0.24=b=1.2, a+bzxl;

TigZrpNi1oVi-b,
where a, and b are defined as: 0.2=a=0.75,

0.24=b=1.2, a+bs£1; and

TigZrpNij V2.4,
where a, and b are defined as: 0.1=a=1.3,
0.24=b=0.75, a+b%£1.])

[37. A hydride of the material of claim 36.]

[ 38. The material of claim 36 in the form of at least
one hydride electrode for an electrochemical energy
storage system. }

F39. A material as defined in claim 1, wherein the
composition formula is

TiCrpZr Nij 95,V 108+ t-g-b0

where a, b, ¢ and t are defined by: 0.1=5a=1.2,
0.1=b=1.2, 0.1,=2c=1.2, 0=t=1.75, and for b=0.5,
then a-+c=0.5.F

F40. A hydride of the material of claim 39.}

[41. The material of claim 3 in the form of at least
one hydride electrode for an electrochemical energy
storage system. }

42. A material for hydrogen storage and a hydride elec-
trode selected from the group consisting of:

Tio.3Zr1.0Ni1 4Cro.3

Tip.sZrosNiy 2Cro.s,

Tio sZrosNiy 2Cro.sMno 1, and hydrides thereof
43. A material for hydrogen storage and a hydride elec-

trode selected from the group consisting of
Tip.4aCroaZroaNip eV 4
Tio.3Cro.32r0 sNi1 1sV0 .48

Tio3CroaZroaNipeVia
Tio 3Cro.32ro sNio.7V1.2Cuo.1; and hydrides thereof.

44. A material for hydrogen storage and a hydride elec-
trode, wherein said material having composition formula
consisting of-

TiaZreNi CraM, and hydrides thereof, where M s

selected from the group consisting of Al Si, V, Mn,
Fe, Co, Cu, Nb, Ag, Pd and rare earth metals, and
where a, b, ¢, d. and x are defined by: 0L.25=Za= 1.0,
02=b=10 08=c=16, 0.3=d=10,
a+b+ec+d=3 0=x=02 wherein Ti+2Zr is=12

45. The material of claim 44 in the form of at least one
hydride electrode for an electrochemical energy storage
system.

46. A material for hydrogen storage and a hydride elec-
trode, wherein said material having composition formula
consisting of-

Ti,CraZr-NigVi_g_pc-aMx and hydrides thereof, where

M is selected from the group consisting of Al, Si, Mn,
Co, Cu, Fe, Nb, Ag, Pd, and rare earth metals, and
where a, b, ¢, d, and x are defined by: 015=a= 1.0,
015=2b=10 02=c¢c=10 04=d=1l7 15
=a+b+c+d=23 and 0=Ex=02, Ti +2r=08,
V=14 and for x=0, b=0.5 then a+¢50.5.

47 The material of claim 46 in the form of at least one
hydride electrode for an electrochemical energy storage

system.
» ® W . %
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