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ELECTROCHEMICAL HYDROGEN STORAGE ALLOYS AND
BATTERIES FABRICATED FROM Mc CONTAINING BASE ALLOYS

Continuing lnfonnaﬁon.

The present invention is a continuation—in;part of U.S. Patent Application No. 08/258,793
filed June 14, 1994 fitled ELECTROCHEMICAL HYDROGEN STORAGE ALLOYS AND
BATTERIES FABRICATED FROMMG CONTAINING BASE ALLOYS; and U.S. Patent Application
No. (attn. docket obc 58.5) filed April 14, 1985, titled IMPROVED ELECT ROCHEMICAL
HYDROGEN STORAGE ALLOYS FOR NICKEL METAL HYDRIDE BATTERIES,

Field of the Invention

The present invention relates to electrochemical hydrogén storage alloys and rechargeable
electrochemical cells using thess alloys_.

More particularly, the invention relates to nickel metal hydride (Ni-MH) rechargeable cells
and batteries having negative electrodes formed of disordered MgNi based electrachemical
hydrogen storage alloys. In addition to reduced cost, cells that incorporate the alioys of the
invention have electrochemical performance characteristics that are as good as or better fhan
known rechargeable cells using hydrogen storage alloys, such electrodhemical performance
characteristics including cycle life, charge retention, low temperature, energy density, and especially
high storage capacity. Another embodiment of the invention focusses on.the particular fabrication
and characterization of chemically and structurally modified MgNi alioys tﬁat provide remarkable

improvements in storage capacity as well as other electrochemical performance characteristics.

Background of the Invention
In rechargeable alkaline cells, weight and portability are important considerations. Itis also

advantageous for rechargeable alkaline cells to have long operating lives without the necessity of
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periodic maintenance. Rechargeable alkaline cells are used in numerous consumer devices such
as portable computer, video cameras, and cellular phones. They are often configured intc a sealed
power pack that is designed as an integral part of a specific device. Rechargeable alkaline celis
can also be configured as; larger cells that can be used, for examplé, in industrial, aerospace, and
electric vehicle appiications.

For more than three decades, virtually every battery manufacturer in the world studied the
NiMH battery technology, but no commercial battery of this kind existed until after the publication
of U.S. Patent No. 4,623,597 to Sapru, Reger, Reichman, and Ovshinsky which disclosed
Ovshinsky's basic and fundamentally new principles of battery mateﬁal design. Stanford R.
Ovshinsky was responsible for inventing new and fundamentally different electrochemical electrode
materials. As predicted by Ovshinsky, reliance on simple; relatively pure compounds was a major
shortcoming of the prior arit. Relatively pure crystalline compounds were shown to have a low
density of hydrogen storage sites, and the type of active s.ites available occurred accidently and
were not designed into the bulk of the material. Thus, the efﬁciéncy of the storage of hydrogen and
the subsequent release of hydrogen to form wat'er was determined to be poor. By applying his
fundamental principles of disorder to electrochemical hydrogen ‘storage, Ovshinsky drastically
departed from conventional scientific thinking and created a disordered r;lateﬁal having an ordered

local environment where the entire bulk of the material was provided with catalytically active

" hydrogen storage sites as well as other sites which provided the required thermodynamic absorption

and release necessary for electrochemical acli#ity.

Short-range, or local, order is elaborated on in U.S. Patent No. 4,520,039 to Ovshinsky,
entitled Compositionally Varied Materials and Method for Sypthesizing ﬁ;e Materials, the contents
of which are incorporated by reference. This patent disclosed that disor&ered materials do not
require any periodic local order and how spatial and orientational placement of similar or dissimilar
atoms or groups of atoms is possible with such increased precision and control of the local
configurations that it is possible to produce qualitatively new phenomena. In addition, this patent
discusses that the atoms used need not be restricted to "d band" or "f band” atoms, but can be any

atom in which the controlled aspects of the interaction with the local environment and/or orbital
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overlap plays a significant role physibally. electronically, or chemically so as to affect physical
properties and hence the functions of the materials. The elements of these materials offer a variety
of bonding possibilities due to the multidirectionality of d-orbitals. The multidirectionality ("porcupine
e-ffect") of d-orbitals provides for a tremendous increase in density and hence active storage sites.
These techniques result in means of synthesizing new materials which are disordered in several
different senses simultaneously.

Ovshinsky had previously shown that the number of surface sites could be significantly
increased by making an amorphous film in which the bulk thereof resembled the surface of the
desired relatively pure materials. Ovshinsky also utilized multiple elements to provide additional
bonding and local environmental order which allowed the material to attain the required
electrochemical characteristics. As Ovshinsky explained in Principles and Appiications of
Amorphicity, Structural Change, and Opticel Information Encoding, 42 Joumal De Physique at C4-
1096 (Octobre 1981):

Amorphicity is a generic term referring to lack of X—réy diffraction evidence of long-range

periodicity and is not a sufficient description of a material. To understand amorphous

materials, there are several important factors to be considered: the type of chemical
bonding, the number of bonds generated by the local order, that is its coordination, and the
influence of the entire local environment, both chemical and geometrical, upon the resulting
varied configurations. Amorphicity is not determined by random packing of atoms viewed
as hard spheres nor is the amorphous solid merely a host with atoﬁts imbedded at random.
Amorphous materials should be viewed as being coniposed of an interactive matrix whose
electronic configurations are generated by free energy forces a;nd they can be specifically
. defined by the chemical nature and coordination of the constituent atoms. Utilizing
multi-orbital elements and various preparation techniques, one can outwit thé normal
relaxations that reflect equiibrium conditions and, due o the three-dimensional freedom of
the amorphous state, make entirely new types of amorphous materials — chemically

modified materials....
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Once amorphicity was understood as a means of introducing surface sites in a film, it was
possible to produce "disorder” that takes into account the entire spectrum of effects such as
potosity, topology, crystallites, characteristics of sites, and distances between sites. Thus, rather
than searching for material changes that would yield ordered materials having a maximum number
of accidently occurring surface bonding and surface irregularities, Ovshinsky and his team at ECD
began constructing "disordered" materials where the desired irregularities were tailor made. See,
U.S. Patent No. 4,623,597, the disclosure of which is incorporated by reference.

The term "disorderéd", as used herein to refer 1o electrochemical electrode materials,
corresponds to the meaning of the term as used in the literature, such as the following:

A disordered semiconductor can exist in several structural states. This structural

factor constitutes a new variabie with which the physicai properties of the [material]

... can be controlied. Furthermore, structura! disorder opens up the possibility to

prepare in a metastable state new compositions and mixtures that far exceed the

limits of thermodynamic equilibrium. Hence, we noté the fo!l-owing as a further

distinguishing feature. In many disordered {materials] ... itis possible to control the

short-range order parameter and thereby achieve drastic changes in the physical

properties of these materials, including forcing new coordination numbers for

elements....

S. R. Ovshinsky, The Shape of Disorder, 32 Journal of Non-Crystalline Solids at 22 (1979)
(emphasis added).
The "short-range order” of these disordered mateﬁal;s are further explained by Ovshinsky
in The Chemical Basis of Amorphicity: Structure and Function, 26:8-9 Rev. Roum. Phys. at 883-
903 (1981): '
[S]hort-range order is not conserved .... Indeed, when crystalline symmetry is
destroyed, it becomes impossible to retain the same short-range order. The
reason for this is that the short-range order is controlled by the force fields of the

electron orbitals therefore the environment must be fundamentally different in
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corresponding crystaliine and amorphous solids. In other words, itis the iqteraction
of the local chemical bonds with their surrounding environment which détermines
the electrical, chemical, and physical properties of the material, and these can
never be the same in amorphous materials as they are in crystailine materials . .
. The orbital relationships that can exist in three-dimensional space in amorphous
but not crystalline materials are the basis for new geometries, many of which are
inherently anti-crystalline in nature. Distortion of bonds and displacement of atoms
can be an adequate reason to cause amorphicity in single component materials.
But to sufficiently understand the amorphicity, one must understand the three-
dimensional relationships inherent in the amorphous state, for it is they which
generate internal topology incompatibie with the translational symmetry of the
crystaliine lattice .... What is important in the amorphous state is the fact that one
can make an infinity of materials that do not have any crystaliine counterparts, and
that even the ones that do are similar primarily in chemical composition. The
spatial and energetic relationships of these atoms can bé entirely different in the
amorphous and crystalline forms, even though their chemical elements can be the

same...

Based on these prinéiples of disordered materials, described above, three families of
extremely efficient electrochemical hydrogen st'{)rage negative electrode mat'erials were formulated.
These families of negative electrode materials, individually ‘and collectively, will be referred to
hereinafter as "Ovonic." One of the families is the La-Nis-ty.p.e negaiive ;Iedmde materials which
have recently been heavily modified through the addition of rare earth eleménts such as Ce, Pr, and
Nd and other metals such as Mn, Al, and Co to become disordered multicomponent allbys, i.e.,
"Ovonic". The second of these families is the Ti-Ni-type negative electrode materials which were
introduced 'nd developed by the assignee of the subject invention and have been heavily modified
through the addition of transition metals such as Zr and V and other metallic modifier elements such

‘as Mn, Cr, Al, Fe, etc. to be disordered, multicomponent alloys, i.e., "Ovonic." The third of these
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families are the disordered, multicomponent MgNi-type negative electrode materials described
herein.

Based on the principles expressed in Ovshinsky's ‘597 Patent, the OvonicTi-V-Zr-Ni type
active materials are disclosed in U.S. Patent No. 4,551,400 to Sapru, Fetcenko, et al. ("the 400
Patent), the disclosure of v)lhich is incorporated by reference. This second family of Ovonic
materials reversibly -form hydrides in order to store hydrogen. All the materials used in the "400
Patent utilize a Ti-V-Ni composition, where at least Ti, V, and Ni are present with at least one or
more of Cr, Zr, and Al. The materials of the 400 Patent are generally multiphase polycrystaliine
materials, which may contain, but are not limited to, one or more phases of Ti-V-Zr-Ni material with
C,, and C,; type crystal structures. Other Ovonic Ti-V-Zr-Ni alloys are described in commonly
assigned U.S. Patent No. 4,728,586 ('the "586 Patent”), titled Enhanced Charge Refention
Electrochemical Hydrogen Storage Alloys and an Enhanced Charge Retention Electrochemical Cell,
the disclosure of which is incorporated by reference.

The characteristic surface roughness of the metal eléctrotyte interface is a result of the
disordered nature of the material as disclosed in commonly assigned U.S. Patent No. 4,716,088
to Reichman, Venkatesan, Fetcenko, Jeffries, Stahl, and Bennet, the disclosure of which is
incorporated by reference. Since all of the constituent elements, as well as many alloys and
phases thereof, are present throughout the metal, they are also represented at the surfaces and
at cracks which form in the metalelectrolyte interface. Thus, the characteristic surface roughness
is descriptive of the interaction of the. physical and chemical properties of the host metals as well
as of the alloys and crystallographic phases of the alloys, in an alkaline environment. The
microscopic chemical, physical, and crystallographic parameters of the in;ilvldua'l phases within the
hydrogeni storage alloy material are important in determining its macroscopic electrochemical
characteristics.

In addition to the physical nature of its roughened surface, it has been observed that
V-Ti-Zr-Ni type alloys tend to reach a steady state surface condition and patticle size. This steady
state surface condition is characterized by a relatively high concentration of metallic nickel. These

observations are consistent with a relatively high rate of removal through precipitation of the _oxides
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of titanium and zirconium from the surface and a much lower rate of nickel solubilization. The
resultant surface has a higher concentration of nickel than would be expected from the bulk
composition of the negative hydrogen s_torae electrode. Nicke! in the metaliic state is electricaily
conductive and catalytic, Imparting these properties to the surface. As a result, the surface of the
negative hydrogen storage electrode is more catalytic énd conductive than if the surface contained
a higher concentration of insulating oxides.

The surface of the negative electrode, which has a conductive and catalytic component -
the metallic nickel — interacts with metal hydride alloys in catalyzing the electrochemical charge and
discharge reaction steps, as well as promoting fast gas recombination.

Despite the exceptional electrochemical performance now provided by Ovonic, highly
disordered nickel metal hydride systems (iwice the hydrogen storage capacity of NiCd systems),
consumers are demanding increasingly greater run fimes and powér requirements from such
rechargeable battery systems. No current battery system can mest these ever-increasing demands.
Accordingly, there exists a need for an ultra high capacity, .Iong charge retention, high power

delivery, long cycle life, reasonably priced rechargeable battery system.

Summary of the Invention
it was to meet the requirements demanded by consumers as set forth in the previous
paragraph utilizing iow cosf. high capacity and applying Ovshinsky's principles of disorder that the
Ovonic MgNi based negative electrode mateliéls of the instant invention vv;ere developed.
Applying principles of patent law, the subject inventois now define the negative electrode

alloy materials described and claimed herein as including a substantial volume fraction of an

. amorphous, nanocrystalline and/or. microcrystalline microstructure and will hereinafter refer to that

microstructure by the term "intermediate range order.” it should be understood by those qf ordinary
skill in the art that nanocrystallines are typically about 40-50 Angstroms in size and more specifically
20-50 Angstroms in size. The reader should understand that crystaliites in the 10-50 Angstrom size
range display a special characteristic due to the unique topology, surface area to bulk ratio, unusual

bonding configurations and enhanced number of active sites. ‘It is to be understood, as ‘more
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completely explained hereinafter, that a volume fraction of the microstructure of the negative
electrode alloy materials may-also include significant polycrystalline inclusions; however, the
electrochemical performance of the electrode will suffer in relation to volume fraction of those

polycrystalline inclusions.

One aspect of the present invention is a Mg based electrochemical hydrogen storage

material comprising:
(Base Alloy) .M,

where, Base Alloy is an.alloy of Mg and Ni in a ratio of from about 1:2 to about 2:1; M
represents at least one modifier element chosen from the group consisting of Co, Mn, A, Fe,
Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, 8i, Zn, Li, Cd, Na, Pb, La, Ce, Pr, Nd, Mm, Pd, Pt, and Ca; b
is from 0.5-30, preferably 5-15, atomic percent; and a + b = 100 atomic percent; and where the
MgNi based electrochemical hydrogen storage material exhibits a microstructure including a
substantial volume fraction characterized by intermediate rande order. Other microstructural
portions of polycrystaliites may also be present. In addition, powder particles of these materials
are from 1-75 microns, preferably 5-38 microns.

Another aspect of the invention is an electrochemical hydrogen storage cell comprising:
a disordered negative electrode comprising an alloy of Mg and Ni in a rafio of from about 1:2 to
about 2:1; and at least one modifier element chosen from the group consisting of Co, Mn, Al,
Fe, Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, Si, Zn, Li, Cd, Na, Pb, La, Ce, Pr, Nd, Mm, Pd, Pt, and Ca
where the total mass of said at least one modifier is 0.5-30, preferably 5-15, atomic percent of
said alloy; where said MgNi based electrochemical hydrogen storage material exhibits a
microstructure including. a substantial volume fraction characterized by intermediate range order;
a positive electrode; and a separator.

Another aspect of the invention involves a method for fabricating an MgNi based
electrochemical hydrogen storage material comprising the step of: mechanically alloying Mg and
Ni in a ratio of from about 1:2 to about 2:1 and at least one modifier element chosen from the

group consisting of Co, Mn, Al, Fe, Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, Si, Zn, Li, Cd, Na, Pb, La,
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Ce, Pr, Nd, Mm, and Ca where the total mass of sald at least one modifier element is greater
than 0.5 atomic percent and less than 30 atomic percent to produce an MgNi based
electrochemical hydrogen storage material having a microstructure including a substantial
volume fraction characterized by intermediate range order.

Anocther aspéct of the present invention is a method for fabricating a multicomponent
disordered MgNi based electrochemical hydrogen storage material comprising the steps of:
rapidly solidifying an alloy of Mg and Ni in a ratio of from about 1:2 to about 2:1 modified using
at least one modifier element chosen from the group consisting of Co, Mn, Al, Fe, Cu, Mo, W,
Cr, V, Ti, Zr, 8n, Th, 8i, Zn, Li, Cd, Na, Pb, La, Ce, Pr, Nd, Mm, and Ca where the total mass
of said at least one modifier element is greater than 0.5 atomic percent and less than 30 atomic
percent. The rapidly solidified alloy which promotes a non-equilibrium structure may then be
mechanically alloyed and/or thermally annealed to produce a microstructure including a
substantiaf volume fraction characterized by intermediate range order, preferably having
crystaliites on the order of about 20-50A in size. Using the "rﬁultiple nozzle" approach
described hereinafter, this optimized microstructure can be achieved in a production oriented

process.

Another aspect of the invention is a disordered MgNi based electrochemical hydrogen

storage material comprising:
(Vg1 M N, OOMN ), 0 MMM,

where x is 0.1 to 6.0 atomic percent; yis 0.1' to 8.5, preferably 2.5 to 5.5 atomic percent; z is
0.1 to 8.5, preferably 4.5 to 8.5 atomic percent; ais 0.1 to 6 atomic percent; b is 0.1 to atomic
percent; ¢ is 0.1 to 3 atomic percent; dis 0.1 to 8 atomic percent; M’ i§ chosen from the group
consisting of Ca, Be, and y; M" is chosen from the group consisting of V, Ti, 2r, Cr, Al, Fe, and
Sn; M™ is chosen from the group consisting of B, B, In, and Sb; aﬁd M" is chosen from the

group consisting of Cu, Th, Si, Zn, Li, La, Ce, Pr, Nd, Mm, and F.

Brief Description of the Drawings

Figure 1 shows the XRD spectra of the preferred microstructure of the present invention
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compared with less desirable materials.

Figure 2 is an SEM micrograph showing the microstructure of the materials of the
present invention having no evidence of phase segregation.

Figure 3 shows the effect of excessive mechanical alloying.

Figure 4 is an XRD of melt spun materials showing their polycrystalline microstructure.

Figure 5 is an XRD showing melt spun/mechanically alloyed materiais having the
desired microstructure.

Figure 6 shows material that has only been melt spun that exhibits fine crystals as well
as regions of polycrystaliine materials.

Figure 7 shows the material of Figure 6 following two hours of mechanical alloying, that
is characterized by crystaliites exhibiting intermediate range order and having a powder size
distribution ranging from about 5-15 microns in size. |

Figure 8 is a TEM Bright Field micrograph and Its corresponding SAD pattern in which
the sized of the preferred melt spun/mechanically alioyed maferials are shown.

Figure 9 is a TEM Dark Field micrograph recorded from the same areas as shown in
Figure 8 in which presents the overall range of the crystaliites as 20-50 A for melt
spun/mechanically alloyed materials of the present invention .

Figure 10 is a TEM Bright Field micrograph that shows the lattice interference fringes of

50 A crystallites of MgNiCoMn in the bulk meit spun/mechanically alioyed material.

Detailed Description of the Invention
The present invention describes the electrochemical performa.nc-e, methods of
_ preparation, and characterization of the microstructure for Ovonic MgNi based alloys.

. Mg-Ni disordered materials were first disclosed by Ovshinsky, et al. in U.S. Patent No.
4.623,597. The instant invention addresses improved chemical and metallurgical processing
taking into consideration the dissimilar melting points and vapor pressure of constituent
elements as well as the ready oxidation Mg in an alkaline environment. In addition, the instant

inventioﬁ addresses the fact that particular care must be faken for Mg substitutions because Mg



10

15

20

25

‘WO 96/36084 PCT/US96/08712

1"

has a different atomic radius compared to host metals used in the other families of advanced
Ovonic Ni-MH materials. As a result of the experience gained from developing Ovonic Ti-Ni
based alioys of every increasing complexity, Ovshinsky and his team have now invented a
family of improved Ovonic Mg-Ni based electrode materials for battery systems that will far
surpass the anticipated electrochemical performance of any negative electrode battery system
currently being manufactured or under development. '

With respect to the Ovonic MgNi system, Ni is thermodynamically destabilizing in the
MH alloy. This destabilization acts to decrease the bonding strength of Mg, V, Ti, and Zr with
Hydrogen into a useful range for electrochemical application. Ni is also useful because it
provides corrosion resistance and catalysis in an aikaline environment.

The present invention represents a fundamental ‘change from the highly modified
multicomponent materials that have been developed from disordered materials made from either
d-type orbitals or f-type orbitals. The present invention uses Ovonic MgNi as the basis of a new
family of disordered negative electrode materials. This work fequired a comprehensive
analytical approach. First, the inventors sought multi-orbital modifiers, for example transition
elements, that would provide a greatly increased number of active sites due to the various
bonding configurations available in order to produce an increase in energy density. Second, the
inventors looked for modifiers and methods that wouid stabilize Mg as wéll as provide sufficient
balance to the passivation/corrosion characteristics of the resulting alloy. Of course,
unrestrained corrosion Jeads to poor cycle life énd passivation resulis in lo.w capacity, poor
discharge rate performance, and poor cycle life.

The inventors also realized that unlike the prior art hydrogen st;)rage-based materials

that typically utiize a polycrystalline microstructure, Ovonic MgNi based alloys cannot operate

. successfully if they are substantially polycrystaliine. Modified MgNi based alloys for

electrochemical applications must have a microstructure that is characterized by a substantial

volume fraction of intermediate range order.
The importance of the intermediate range order microstructure in the MgNi based

system of the present invention cannot be overstated. Polycrystalline hydrogen storage
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materials based on MgNi alloys are well known in the art for use in high temperature gas phase
applications. Such polycrystaliine MgNi based materials are totally unsuitable for
electrochemical applications because their metal hydrogen bond strength is much too high for
practical electrochemical applications.

Modification.of MgNi materials is complicated because Mg does not have the tolerance
for substitution that transition metals or rare earth elements havé. Further, MgNi based
materials do not tolerate the wide latitude of precipitated phases formed during alloy
solidification. In other words, Ovonic alloys of the V-Ti-Zr-Ni fype or Ovonic alloys of the LaNis
-type may precipitate as a multitude of crystallographic phases during solidification and shill
result in efficiently operating alloys capable of operating in an alkaline battery environment. This
is problematic with MgNi based materials in that the prebipitated phases fall well outside of
proper thermodynamic constraints by virtue of the faét that there is no Mg:Ni 1:1 ratio
intermetallic naturaily formed upon so_lidiﬁcation from the meit.

The Ovonic MgNi host matrix materials of the preseni invention are high specific
capacity eiectl_'ochemical hydrogen storage alloys composed of a Base Afloy comprising .a MgNi
host matrix. This MgNi host matrix is an alloy of Mg and Ni in a ratio of about 1:2 to about 2:1,
preferably about 1:1. The Base Alloy of the invention is modified by at least one modifier
element chosen from the group consisting of Co, Mn, Al, Fe, Cu, Mo, W, Cr, V, T, Z, Sn, La,
Ce, Pr, Nd, Mm, Pd, Pt, and Ca where the total mass of the at least one modifier element is
greater than 0.5, preferably 2.5, atomic percént and less than 30 atomic percent of the final
composition.

The language “at least one modifier” is specifically _used herein to mean one, two, three,
four, or more modifiers.

U.S. Patent Application No. 08/259,793 to Ovshinsky and Fetcenko (the disciosure of
which are specifically incorporated by reference) described the preparation of MgNi alloys via
rapid solidification such as jet casting, meit spinning, gas atomization, ultrasonic atomization,
centrifugal atomization, and planar flow casting. Such rapid solidification techniques are also

applicable to the present invention.
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Methods and apparatus described in Ovshinsky, et al.'s U.S. Patent No. 4,339,255 (the
disclosure of which are incorporated by reference) for the formation of highly disordered
materials can be advantageously employed in the present invention. This patent describes -
rapidly quenching multiple streams of material (such as a strsam of Base Alloy and a stream of
modifier elements) where the flow and quench rate of each of the multiple streams of material
are independently controlled. With respect to the present invention, this technique is particularly
useful with modifier(s) of very low melting points or with modifier(s) that have quite different
mechanical/metallurgical characteristics as compared to those of the host MgNi material.

The method and apparatus disclosed in the "255 patent differ from the teachings of prior
art by providing a modifying element(s) which can be introduced into the matrix so that it can
enter thereinto with its own independent, separately controllable, quench rate. Thus the
modifying element(s) can be frozen into the host matrix so as not only to enter the primary
bonding of the material to become part of the alloy, but most importantly to be frozen into the
alloy in a non-equilibrium manner. .

Such modifying element(s) can be added by providing relative motion between the
matrix and the modifying element(s), such as by providing one or more additional streams stch
as a second stream of material, directed from a second nozzle, in a metal spinning apparatus,
the second nozzle being at the outlet of a reservoir of a fluid modifier material. Such second
nozzle is arranged to direct the fluid modifier material toward the substrate in a stream which
converges with the stream of metallic host matﬁx material being directed oﬁto the substrate from
a first nozzle at or before the host material makes contact with the substrate.

By controlﬁng the various properties and conﬁguratiqﬁs of the modified material, the
electrical, chemical, thermal or physical characteristics of the material are independently
controllable. The independent control of the material characteristics, such as the three .
dimensional bonding and anti-bonding relationships and positions are not normally seen in

crystaliine materials, at least not in large and controllable numbers. This is especially true fora

d band or multiple orbital modifier element. The d band or multiple orbital modifier elements -

enable the modified materials to have stable, but non-equilibrium orbital configurations frozen in
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by the mdependently controllable quench rate.

In a melting process, the relationship and cooling rate of the matnx and added modifier
element(s) would allow the added element to be incorporated in the normal matrix structural
bonds. The timing of the introduction of the modifier element(s) can be controlied independently
of any crystalline constraints. The flow rate of the modifier element can be controlled and may
be varied or intermittent and may incorporate gaseous modifier elamant(é) in the stream or
environment. By independently contrﬁlling the environment, quench and flow rates and timing a
new bulk material or alloy can be formed with the desired properties, which does not have a
counterpart in crystalline materials.

By quenching the modified moiten metal or molten metallic alloy, at a high guenching
rate, a modified highly disordered ribbon can be attained which, because it has been frozen in
the amorphous as opposed to the crystalline state, and which is modified, will have a significant
number of disassociation points for molecules and bonding points, i.., high valence atoms with
many unfilled or unconnected valence positions, which providé bonding points for free atoms of
a gas so that the material has utility in storing gases and which can provide a material that can
simulate the catalytic chemical properties of a metal or host matrix.

An additional process embodied in the present invention involves the use of mechanical
alloying wherein the component elements are added together in a high energy mechanical
alloying process such as an attriter or high energy ball mill. Grinding for 40-175 hours produces
the desired microstructure characterized by intermediate range order. For example (as
discussed in detail below), Mgs,Ni,;Co;Mn, alloys were produced that have hydrogen storage
capacities between 400-800 mAh/g. '

It was shown that an optimum grinding time exists for each specific alloy composition,
batch size, and machine. At this optimum time, the microstructure of the material changes from
individual elemental constituents to a microstructure including a substantial volume fraction

thereof charactetized by intermediate range order as evidenced by x-ray diffraction testing and

lack of phase segregation via SEM analysis under back scattered electron imaging. A voliume

fraction of polycrystalline inclusions can be tolerated but will detract from the performance
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characteristics. Electrochemical capacity increased as grinding time increased before reaching
a peak. If this optimum is exceeded, capacity decreases as the physical structure of the
material changes to an agglomeration of large particles.

Said differently, peak capacity of the Ovonic MgNi based alloys of the present invgntion
was achieved with fine powder particles all having a microstructure including a substantial
volume fraction characterized by intermediate range order. Further grinding did not change or
alter the microstructure as evidenced by x-ray diffraction, but did in fact cause small powder
pﬁrticles in the range of 5-50, preferably 5-10, microns to agglomerate into very large powder
particles (over 100 microns in size) which caused a significant decrease in active surface area
and hence decreased catalysis. Therefore, one aspect of the invention is to provide very high

capacity MgNi based a!loys prepared by mechanical alloying having a preferred powder particle .

-gize distribution. However, the instant invention is aiso specifically intended to include Ovonic

MgNi based alloys in which higher capacities are obtained in merely a portion of the bulk. In
other words, the subject invention s intended to cover situaﬁt;ns in which only, for example,
75% or 50% or even 25% of the microstructure of the alloy exhibits intermediate range order
while the remainder (25%. or 50% or even 75%, respectively) can include polycrystaliine
inclusions. This is because the extraordinary storage capacity and significantly reduced cost (by
a factor of 10) of these alloys would permit the manufacture of a significant volume fraction
thereof having polycrystalline inclusions and still one would obtain high hydrogen storage
capacity and reduced cost vis-a-vis the other dvonic families of LaNi; type and TiNi type
systems.

Another aspect of the invention is the preparétion qf the Ovonic MgNi based alioys of
the Instant invention by rapid solidification, preferably by melt spinning, wl';ich may also be used
in combination with mechanical alloying. The electrochemical performance of powder pérticles
prepared from the melt spin process alone can be significantly increased if these powder
particles are, additionally, mechanically alioyed and/or thermally annealed. For exampie, melt
spun Mg,,Ni,;Co,Mn, material was evaluated as having a hydrogen storage capacity of about

300mAh/g. The microstructure of this material included a volume fraction characterized by
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intermediate range order with a significant additional volume fraction of polycrystalline inciusions
as the result of the selected quench rate (a higher rate of quench provides for a greater degree
of disorder). This material was then mechanical alloyed for two hours after which it yielded a
storage capacity of 780 mAh/g. It may be possible to further optimize the rr?elt spinning process
to improve quenching and produce materials having the preferred microstructure without
additional mechaniéal alloying. It is also possible to make the microstructure of the meit spun
material amorphous and then either leave it in that amorphous state or subject it to an anneal to
nucleate crystallization and obtain an optimum crystallite size.

The performance of this material is exceptional. To the inventors knowledge, no nickel
metal hydride bulk material has previously been produced that was capable of such outstanding .
performance, including for example the aforementioned tiydrogen storage capacity of close to
800 mAh/g. Commercial NiMH battery products only hgve the hydrogen storage capacity in the
range of 250 to as high as 400 mAh/g. Additionally this particular method of producing high
capacity alloys has another benefit, it is production intensive. 'Mec.hanical alloying alone may
require several days of processing before the desired microstructure is attained. The process of
melt spinning is exfremely fast, as fast as conventional melting processes such as vacuum
induction melting. (See, for example, U.S. Patent No. 4,948,423 to Fetcenko, Summer, and
LaRocca,) Subsequent processing such as mechanical alloying, requires only two hours
compared to the original mechanical alloying process alone which took 80 hours to achieve the
desired microstructure. . .

One preferred embodiment of fabrication, melt spinning followed by mechanical alioying,
is believed to achieve the same desired microstructure by tqking very finely segregated
polycrystalline inclusions resulting from the melt spin process alone and through a small amount
6f additional mechanical alloying, using solid state diffusion, substantially eiminating these
polycrystalfine inclusions in favor of the micrbstructure including a substantial volume fraction
characterized by intermediate range order.

The inventors have shown through extensive analysis that many of the electrochemical

propetties of _the MgNi Base Alloy can be controllably altered depending on the type and
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qguantity of modifier element§ selected for making the disordered negative electrode materials as
well as precipitation conditions. In general, the Oveonic MgNiCoMn _style negative electrode
alloys of the present invention are much more resistant to degradation by poisoning than
previous MgNi based alloys, a property that also contributes to long cycle life. It is believed that
this material has so many active sites that the material resists poisoning because poisonous
species can be bound to a number of these sites without significantly decreasing the total
number of available active sites. The materials thus formed have a very low self discharge and
hence good shelf life. However, we believe that the alloys of the present invention still remain
susceptible to passivation and therefore future patent aﬁplications will deal with decreasing still
further the passivation of the alloy.

The microstructure of materials can fall anywhere along the following continuum

depending upon the degree of disorder thersof:

TOTAL DISORDER

¥

amorphous
(short ragge order)

intermediate
range order nanocrystalline

microcrystaliine
; 1)
polycnistalline

single crystal
(long ranfe order)

ORDER

However, the inventors have determined that a microstructure including a substantial
volume fraction characterized by intermediate range order is desirable to obtain optimum
performance for the Ovonic MgNi based alloys of the present invention. For purposes of ihis

invention, "microcrystalline” is specifically defined as material with crystatiites having -a size
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range of about 50-150 A . "Amorphous" is specifically defined as material having short range

order of less than 20 Angstroms. "Nanocrystalline” material has been defined above.

It is known that in the magnesium nickel system alone no naturally occurring
intermetallic compound of approximately magnesium to nickel one to one is present. During
solidification from the melt Mg,Ni or MgNi, may be precipitated. Neither of these phases has
thermodynamic properties providing hydrogen bond strengths in a useful range for
electrochemical purposes. As discussed in previous patents and patent applications on this
subject we have determined that an approximate 1:1 ratio of Mg to Ni is preferable. This ratio
can only be achieved by metastable processing such as by rapid solidification. We have
determined that the glass transition temperature for this material exceeds 400° C indicating that
these materials will have éufﬁcient stability for use In any high temperature operations likely to
been seen by a rechargeable battery. (Typically, battery temperatures are rarely in excess of
100°C.)

Through high resolution imaging the inventors have deiermined that preferred materials
of the present invention can be adequately described as exhibiting a microstructure including a
substantial volume fraction characterized by intermediate range order. We have evidence that
higher electrochemical capacities are achieved when the size of crystaliites is smaller. That is
to say, as compared to a microstructure of crystaliites around 50-70 A, capacity was increased
when the size of the crystallites was reduced to the 20-50 A range. Further evidence supporting
this conclusion was gathered by x-ray diffraction analysis and electron diffréction of selected
areas in conjunction with transmission electron microscopy. This increase in performance is not

necessarily surprising if one takes into consideration the greatly increased surface area that

.becomes available for storing hydrogen. In material having such small crystaliites, there is little

or no difference between the surface and the bulk of the material.

As discussed in detall in copending U.S. Patent Application No. (obc 58.5) the most
desirable metal electrolyte interface occurs in an Ovonic nickel metal hydride system when
suiface oxide is imbedded with metallic nickel regions typically in the range of 50 A. Tﬁis'

surface interface is highly desirable for catalytic gas recombination and general performance
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properties such as high rate and low temperature discharge. The inventors have been able to
achieve a similar size catalytic structure in the bulk of the present invention when a substantial
volume fraction of the base alloy consists of Ovonic MgNi material having crystaliites of less
than 50A in size.

An aspect of the present invention is a general approach for improving electrochemical
alloy perfbrmance in MgNi based hydrogen storage materials. 'In Ovonic alloys of the TiVZrNi
based system increased performance is typically related to corrosion reduction. In contrast, in
the Ovonic MgNi based system, this problem must be approached from the opposite direction.

That is, improved performance is related to reducing the tendency of such MgNi based alloys to

' passivate at the surface oxide. Passivation of the surface can be considered as formation of a

thick, dense, insulating type of surface oxide unfavorablé to electrocheimical operation as
distinguished from a thin, microporous, elecirolyte interface having catalytic and metallic nickel
regions.

Yet another aspect of the design of the materials of tl'ue present invention relates to the
formation of the desirable microstructure described above. As stated earlier, microstructure
analysis indicates that in unmodified binary MgNi alloys phase segregation occurs with large -
size crystallite inclusions having great differences in chemical composition from one phase to
another. In contrast, the Ovonic compbsitions of the present invention are suited to fabrication
via rapid solidification techniques. In general, in unoptimized disordered MgNi based atloy
materials, there is some phase segregation during solidification, but the ct;mpositional
differences between phases is significantly reduced and the amount, size, and distribution of the
phases is finer and smaller compared to alloys of unmodiﬁg& MgNi binary systems.

The inventors believe through optimization/increased modification of the chemical
composition, the amount of phase segregation can be reduced to the point that the most
preferred small, fine distribution of phases and crystaliite sizes will be attainable solely through
the use of rapid sofidification and without the necessity of an additional mechanical alloying step

as described below.

General performance can be improved by tailor making the surface oxide interface for
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desirable oxidation/passivation corrosion properties. An aspect of the present invention involves
a new model for understanding the surface properties of Ovonic disordered negative electrode
materials. One important consideration in formulating the alloys of the present invention
involves insuring that the proper balance of corrosion and passivation characteristics exists.
Reat:hing_ such a balance begins with viewing all Ovonic nickel metal hydride negative electrode
systems as having a continuum of passivation and corrosion properties depending upon the’

elements used in any particular system. Such properties of typical base and modifier elements

are shown in Table 1, below.

Table 1 Passivation/Cormrosion Properties .
highly passivating/ [/ / I ///l]] I i1 { 1 I highly
<pperative window> corrosive
La, Ce, Pr, Nd, Mm, Mg Zr, Mn, Cr, Fe, Ti Vv, W, Mo

With this knowledée, it is possible to formulate combinations of elements to modify
electrode materials that will consequen;dy have ; proper batance of corrosion and passivation _
characteristics and fall within the "operative window" for a particular alloy. Ovonic TiNi type
alloys have been optimized for such corrosionlpaésivation properties isee. for example us
Patent No. 5,238,756 and 5,277,999, discussgd above). Similarly, the production of Ovonic
LaNi; type electrode materials required the introduction of modifiers to contribute corrasive
properties and move these generally passivating alloys into the "operative window." (The term
"operative window" is used to refer to the range of passivating and corrdsion properties of

‘negative electrode materials which provide for commercially acceptable electrochemical
performance characteristics such as cycle life, power, etc. This operative window is unique for
every nickel metal hydride alloy.) Modifying the characteristics of the surface oxide permits
custom engineering of metal hydrogen bond strengths and improved catalysis and

electrochemical stability such as cycle life.

Stili another aspect of the chemical modification of this MgNi based alloy system will
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involve modifying the metallurgical properties thereof such as ductility, formation of surface area
upon cycling, mechanical integrity and disintegration.
Table 2, below fists modifier groups |, ii, 1ll, and IV that address a number of elemental

modifications possible in the MgNi based alloys of the present invention.

Table 2
1 [} it v
Ca \'" 8 Cu
Be Ti Bi Th
Y Zr In Si
Cr Sb Zn -’
Al Li
Fe La
Sn Ce
Pr
Nd
Mm
F

Group |, Ca, Be, and Y can partially substitute for Mg. For'instanoe, we expect that
the substitution of an element like Ca for per!iaps a small portion of the Mg will increase
chemical disorder without significantly reducing the hydrogen s'torage.capacity.

' Group |l elements permit the custom engineering of meial hydragen bond strength,
activation characteristics, and surface oxide characteristics. The choicé of which element or
elements in the group will have which specific effect is dependent on the other component
elements for a particular Ovonic MgNi based alloy. In general, the effect of the Group Il
elements are closely interrelated. For example, Ovonic MgNi alioys yield Signiﬁcantly enhanced
performance and exceptional bulk material capacity, but they still tend to passivate which
indicates that further optimization is necessaty to bring them more completely into the operative

window. The inventors have shown that oplimization of these alloys begins by imparting
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additional corrosion characteristics to the alloy surface. Such a course adjustment with
MgNiCoMn alloys is achieved through the addition of corrosive elements such as V and Al
One can think of the addition of V and Al as useful for the course adjustment of
corrosion/passivation properties. Fine adjustment in these MgNiCoMn alloys is achieved
through the addition of elements such as Cr, Zr, Fe, Sn, Si, and Cu which can be used in
combinations to achieve the correct balance between cosrosion and passivation while
maintaining good catalysis and metal hydrogen bond strength.

The elements in Group Iil, B, Bi, Sb and In are considered glass formers that effect the
formation of crystalline lattices. As stated previously, Ovonic MgNiCoMn alloys have an
improved tendency to avoid phase segregation during solidification. It may be possible to
completely eliminate phase segregation through processing variations such as faster cooling
rates and more careful control of ribbon thickness. Another approach is to provide a base alloy
that has an improved resistance to phase segregation. The addition of Group i elements may
assist in this regard. The introduction of B, for example, into tﬁe lattice network will eliminate or
reduce the size of the crystal lattice networks of the material.

Finally, the Group IV elements affect metallurgical properties of the base alloy,
particularly disorder, density of state, hardness, and ductility. U.S. Patent No. 4,716,088
describes the concept of surface roughness and the desirability of /7 situ surface area formation
and particular elements useful for controlling this property. In the Ovonic MgNi based alloys of
the present invention, a similar effect (among oihers) may be achieved by t.he addition of Group
IV elements such as Li, Zn, La, Ce, Pr, Nd, Mm, and F. Mg in the MgNi based alloys is a .
rather soft inductor metal. The addition of Group IV element.(s) imparts :'a desirable amount of
brittleness. In essence, the addition of Group |V element(s) changes the sﬁape of the MgNi
based alloy's stress-strain curve or toughness. As a result, when hydrogen is incorporated ipto
the lattice of the alloy during initial charge/discharge cycling, this blittleneg's results in the
formation of a high surface area through the formation of microcracks. This increase in surface
area improves the surface catalysis _and discharge rate characteristics.

Also included in the scope of the present invention is the use of various kinds of
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activatioﬁ and etching treatments to improve electrochemical performance. U.S. Patent No.
4,716,088 discloses that the performance of VTIZINI based Ovonic alloys (which have a
tendency 1o corrode) can be significantly improved by treating the electrode surface with an
alkaline solution. In contrast, the subject MgNi based alloys have a tendency to passivate and
an improper alkaline surface treatment could actually promote the formation of a thick dense
nonporous oxide that would be undesirable for electrochemical charge discharge and catalysis.
Thus, while alkaline etching according to the teachings of prior art is unaccepiable for activation
of the present MgNi based alloys, it is possible to activate MgNi based systems using an
optimized alkaline etch treatment. Prefera.bly an acid etch treatment is employed.

Such an acid etch involves contacting the electrode material (either the electrode itself
or the alloy ‘powder prior to fabricafing the electrode) with an acidic solution such as
hydrochloric acid for sufficient time and temperaiure. to adjust the microporosity of the oxide
surface. in some situations, the use of an acid treatment or any other type of solution that is
capable of affecting the surface oxide of the electrode powder. and/or final electrode will result in
increased performance of the sealed cell. Typical etch conditions are exposing the electrode
material to the hydrochloric etch for 2 hours at 50°C.  Also included in the present invention is
the use of thermal annealing at appropriate fimes and terhperatures to optimize the disoﬁemd
MgNi alloys of the present invention by adjusting their microstructure. If, for example, it were
observed for a particular alioy (produced using rapid solidification, mechanical alloying, rapid
solidification/mechanical alloying, or any other hethod) that the microstructure was substantially
amorphous, it would be desirable to thermally anneal the alloy to nucleate crystallite growth.

Such thermal annealing may be performed on the alloy powder itself immediately after

fabrication (via rapid solidification, mechanical alloying, rapid solidification/mechanical alloying,

or any other method) as well as on fabricated negative electrode material..
In their most general form, a disordered MgNi based electrochemical hydrogen storage
material of the present invention comprise materials having the composition of general formula

m:

(o) (Base Alloy),M,
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where, Base Alloy is an alloy of Mg and Ni in a ratio of from about 1:2 to about 2:1; M

represents at ieast one modifier element chosen from the group consisting of Co, Mn, Al, Fe,
Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, Si, Zn, L, Cd, Na, Pb, La, Ce, Pr, Nd, Mm, Pd, Pt, and Ca; b
is greater than 0.5 atomic percent and less than 30 atomic percent; and a + b = 100 atomic
percent; where said MgNi based electrochemical hydrogen storage material exhibits a
microstructure including a volume fraction characterized by in.termediate range order.

The affects of the addition of Co can be seen in such disordered negative electrode

materiais that have the composition of formula (2)

@ (Base Alloy),Co,

where b is 0.5 to 8.0 atomic percent, preferably 2.5 to 5.5 atomic percent. The presence of Co

- results in reduced oxide thickness; a conductive and/or catalytic component on the surface; and

the reduction of species like the hydroxyl ion. While Co does ‘oxidize and is soluble, it is also
believed that cobalt oxide can act to inhibﬁ the oxidation of other elements. Further, itis
belisved that in the alloys of the preseﬁt invention, Co alters the microstructure in such a way as
to introduce changes in the mutual solubility of the elements of these alloys, wherein hydrogen
in a particular phase is not easily discharged either through low surfa'ce area, or an oxide of
limited porosity or catalytic property. The adgiﬁon of Co to disordered MgNi based alloys
appreciably improves electrochemical hydrogen storage capacity.

The role of Mn is observed in such disordered negative electrode materials that have

the composition of formula (3):
®) (Base Alioy),Co,Mn,
where b is 0.1 to 8.5, preferably 2.5 to 5.5 atomic percent; cis 0.1 to 8.5, preferably 4.5 to 8.5

atomic percent; b + ¢ = 0.5 atomic percent and a + b + ¢ = 100 atomic percent.

In the alloys of formiula (3), ihe addition of Mn yields enhanced rate capability, low
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temperature performance, and increased hydrogen storage capacity. It is believed that when
Mn is present, Mn assists the electrochemical discharge reaction at low temperature by
promoting bulk diffusion of hydrogen at iow temperature and also by catalyzing the reaction of
hydrogen and hydroxyl ions at the alloy suiface. A preferred embodiment of this material is
Mg, Ni CoMn,.
Other effects of the materials of the present invention are satisfied by such Ovonic

negative electrode materials containing Al and V, having the composition
C)) (Base Alloy),Co,Mn ALV Li

where b = 0.1 t0 10.0, preferably.z.o to 8.5 atomic percent; ¢ = 0.1 to 10.0, preferably 2.5 to 8.5
atomic percent; d = 0.1 to 10.0, preferably 2.5 to 8.5 atomic percent; e = 0.1 to 10, preferably
2.5 to 8.5 atomic percent; f = 0.01 to 10, preferably 2.5 to 8.5 atomic percent;, b +c+d+e+f
> 0.5, preferably 2.5, atomic percent, and 8 + b + ¢+d + e + f = 100 atomic percent.

In the materials of formula (4), the corrosion/passivation properties or the disordered
MgNi system are shifted to a more corrosive region of the continuum, while excellent stability
and catalysis is retained. .

The disordered MgNi based alloy materials described by formulae (1) to (4) above, are
part of the present invention ohly if they have-a microstructure including a substantial volume
fraction characterized by intermediate range order. Attaining this microstru;:ture requires
specific processing, such as the melt spinning or mechanical alloying or some combination of
the two as described above. In contrast to these materials, _the materials having a composition

corresponding to formula (5) are not necessarily limited to a particular microstructure.
(5) (Mg1-x l)(Ni1-y-zc°yM“z)1-l—b-|:M“l mbM"c

where x is 0.01 to 6.0 atomic percent; y is 0.1 to 8.5, preferably 2.5 to 5.5 atomic percent; z is

0.1 to 10, preferably 4.5 to 8.5 atomic percent; ais 0.1 to 6 atomic percent; b is 0.01 to 2
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atomic percent; ¢ is 0.01 to 3 atomic percent; dis 0.01 to 8 atomic percent; M'is chosen from
the group consisting of Ca, Be, and Y; M" is chosen from the group consisting of V, Ti, Zr, Cr,
Al, Fe, and Sn; M™ is chosen from the group consisting of B, BI, In, and Sb; and M" is chosen
from the group consisting of Cu, Th, Si, Zn, Li, La, Ce, Pr, Nd, Mm, and F.

Ovonic MgNi negative electrodes can be used in many types of hydrogen storage cells
and batteries. These include flat cells having a substantially fiat plate disordered negative
electrode, a separator, and a positive electrode or counter electrode that is substantially flat and
aligned to be in operative contact with the negative electrode; jeliy-roll cells made by spirally
winding a flat cell about an axis; and prismatic cells for use in electric vehicles, for example.
The metal hydride cells of the present invention can use any appropriate container, and can be
constructed, for example, of metal or plastic. '

A 30 weight percent aqueous solution of potassium hydroxide is a preferred electrolyte.

In a particularly préferred embodiment, alloys used in conjtinction with advanced
separator materials as disclosed in U.S. Patent No. 5,330,861 -andlor advanced positive
electrode materials as disclosed in us Patent Nos. 5,344,728 and 5,348,822 yield improved
performance over prior art alloys for certain electrochemical applications.

Besides the improved performance characteristics discussed _above, modification offers
cost advantages of aimost an order of magnitude compared to conventional metal hydride
alloys. This is, of course, in addition to the cost reduction in resulting from the use of MgNi as
the Base Alloy compared to previously described non-Mg based Ovonic alfoys that are about

ten times more expensive than MgNi materials.

Examples

The Ovonic MgNi based alioys described in the following examples all had the formula
Mgs,Ni;Co,Mn;,. These materials were prepared in bulk using meit spinning rapid solidification
and/or mechanical alloying (MA) as discussed in detail below. The MgNi base alloy materials
were formed into negative electrode belt according to the method described in U.S. Paterit No.

4,915,898. The belt was assembled into trielectrode cells for testing and evaluation.
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Exampie 1
MgNi based alloy bulk materials were formulated using the mechanical alloying process
in an attritor. Samples were removed from the attritor at the times indicated in Table 3. The
samples were analyzed using SEM and XRD to determine their microstructure and assembled
into trielectrode celis to determine their capacity. The results of this analysis are shown in

Figures 1-3 and the results from the electrochemical test are summarized in Table 3.

Table 3
grinding time (hrs) mAh/g
25 140
42 372
83 632
164 588

This example shows that an optimum grinding fime is attained after which the performance of

the materials begins to degrade.

The preferred intermediate range order microstructure of these materials can be seen in
the superimposed XRD spectra of Figure 1.

The micrographs from the SEM anaw'si_s are shown in Figures 2 and 3. Figure 2 shows
substantially homogeneously distributed crystallites of the material nearly at its optimum capacity
in a sample of material taken after 80 hours of mechanical all;:ying. Figure 3 shows the effect
164 hours of mechanical alloying. The fine particle structure of the alloy has been destroyed:
the substantially homogeneously distributed crystallites have agglomerated or "clumped”
together.

The preferred alloys of the present invention have fine alloy particles exhibiting a

microstructure including a substantial volume fraction characterized by intermediate range order.
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Example 2

Bulk MgNi disordered negative electrode materials were rapidly sofidified by melt
spinning. Raw materials in the powder form were put into a boron nitride crucible and heated to
a temperature of about 1050°C. The melt was injected onto a fast spinning wheel (turning at
34 m/s) that was cooled by continuously running water. The resulting ribbons and flakes were
collected at the bottom of the chamber and pressed onto a nickei wire screen, compacted, and
sintered to form disordered negative electrodes. These disordered negative electrodes were
assembled into trielectrode celis. These cells were cycled. The results are presented in Table

4, below.

Table 4 Capacity as a'Function of Discharge Rate
discharge rate (mA/g) capacity (mAh/g) Sample 1 capacity {mAh/g} Sample 2
6 77 , 64
3 204 170
15 ' 323 254
Example 3

Bulk MgNi negative electrode materials were prepared by combining melit spinniﬁg and
mechanical alloying. The material from the mhl_t spin as described in example 2, was put in the
attritor and ground for two hours. The resulting materials were pressed onto a nickel wire
screen and compacted to form disordered negative electtodesl These disordered negative
electrodes were |
assembled into trlelectrodé cells. These cell were tested based on an initial charge of 50. mAfg

for 25 hours. The results are shown in Table 5, below.
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Table 5 Capacity as a Function of Discharge Rate
discharge rate (mA/g) capacity (mAh/g) Sample 1 | capacity (mAh/g) Sample 2
) 492 585
24 508 683
12 689 769
3 709 791

The microstructure of these materials was analyzed using XRD. The melt spun

materials had a microstructure characterized by a volume fraction of substantially polycrystaliine

inclusions as shown in Figure 4. In contrast, the melt spun/mechanical alloyed materials had

the desired microstructure including a substantial volume fraction characterized by intermediate

range order as shown in Figure 5.

Example 4

As an additional comparison, a cell was prepared using an Ovonic negative electrode

having the formula V,;Ti,sZr,;Ni,,CrsCo,Mn,. This cell was charged at 50 mA/g for 25 hours.

The results are shown in Table 6.

Table 6 Capacity as a Function of Discharge Rate

discharge rate (mA/g) capacity (mAh/g) Sample 1
| 50 262

24 . 342

12 402

3 421

As can be seen by comparing the data from Examples 2-4, the disordered MgNi

material of the present invention prepared using meit spinning/mechanical alloying had

astounding initial maximum capacities of between 700-800 mAh/g. in contrast, with the material

which was only mechanical alloyed, the material with was only melt spun, and the
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V5 Th,5Z11gNinCrsCo,Mn, material had much lower maximum capacities.

Such a comparison shows that not only does the meit spunlmechariical alloyed material
have higher capacity than the mechanical alloyed and the V,,Ti,sZf,sNi,Cr:Co,Mn, materials, but
the melt spun/mechanically alioyed material is more economical to produce_ because it can be
manufactured in a much shorter period of time as shown above. It is believed that additionai
cost reduction can be attained because alloys prepared using melt spinning/mechanical afioying
do not need to be hydrided (for particle size reduction as described in U.S. Patent No. .

4,803,756) and for some applications will not require sintering.

Example 5

While gas phase storage of hydrogen does not guarantee that a particular material is
capable of storing hydrogen in an electrochemical celf, gas phase storage can be a useful
technique for evaluating the limits of hydrogen storage for known electrochemical materials.
Usually, the measured storage
capacity of gaseous hydrogen can be used as an indicator of the upper limit of the
electrochemical energy density in a wet cell.

The hydrogen storage materials described above were prepared in bulk by melt
spinning, MA, and melt spinning/MA. Equal measured amounts of the resuiting powders were
piaced in a stainless steel tubing, heated to 3od°c and then cooled to room temperature in an
H, atmosphere. The amount of hydrogen stora"ge was calculated from the dlfference in the

vessel pressure. The results of these measurements are shown in Table 7, below.

Preparation Method Weight Percent of H; Absorbed
melt spinning 12
mechanicat alloying 2.7

melt spinning/mechanical alloying 2.7
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Example 6
In order to investigate.the microstructure of the melt spun and melt spun/mechanically
alloyed materials, samples of these materials were prepared and egamined using a scanning
electron microscope. The results of these examinations are shown in Figures 6-10.
Figure 6 shows material that has only been melt spun. This material exhibits a number
of regions having a microstructure characterized by featureless amorphous regions, fine

crystals, as well as regions of phase segregated polycrystallites that are over 100 microns in

size.

In contrast, the same material following only two hours of mechanical alioying exhibits,
as shown in Figure 7, a microstructure including a substantial volume fraction characterized by
intermediate range order with the fine powder distributior of 1-20 microns in size.

Figure 8 is a TEM Bright Field micrograph in which the preferred disordered MgNi
materials prepared by melt spinning/mechanical alloying are shown at 1,017,430 X. This
micrograph shows the presence of nanocrystaliites, generally 'from about 20-50 A in size,
amorphous regions about 0-20 A in size and microcrystaliine crystaliites about 50-100 A in size.
Polycrystalline regions are substantially absent. The presence of such immediate range order
represents an important aspect of the present invention. it is believed that this intermediate

range order is responsible for the extremely high capacity and rate capability of the disordered

MgNi based materials of the present invention.

Figure 9 is a TEM Dark Field microgréph in which the preferred di.sordered MgNi
materials prepared by meit spinning/mechanical alloying are shown at 1,071,430 X. This
micrograph clearly presents the overall range of a substantial portion of the crystallites as about
20-50 A,

| _Figure 10 is a TEM Bright Field micrograph in which the preferred. disordered MQNi
materials prepared by melt spinning/mechanical alloying are shown at 4,200,000 X. This
micrograph shows the lattice interference fringes of 20-50 A crystaliites of MgNiCoMn on the
surface of the bulk material. As discussed in U.S. Patent Application No. (obc 58.5) Ni regions

on the surface of the alloy play a significant role in increasing catalysis. As discussed above, in
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the present materials, MgNiCoMn regions in the bulk perform this same function.

Example 7

Corrosion measurements were conducted using electrodes fabricated from the alloys
listed in Tables 8 and 9. These alloys were prepared as sputtered thin films (~ 1 micron)
deposited onto one face of a nickel substrate. The face (2 cm? in area) which included the alloy
film was exposed to the eIéctronte solution. The opposite face was protected from contact with
the electrolyte by a coating of epoxy resin.

The corrosion potentials (E,) and corrosion ct.lrrents () Of these electrodes were
measured using an EG&G PARC Model 350A corrosion measurement instrument. The
measurements were conducted in 30% KOH solution. The corrosion potential of each electrode
was determined by measuring the open circuit potential against a Hg/HgO reference electrode.
The corrosion currents were measured using the polarization resistance (linear polarization)
technique. This technique was performed by applying a contr.nlled-potential scan of 0.1 mV/sec
over a £20 mV range with respect to E,,,. The.resulting current was plotted linearly versus the
potential. The slope of this potential current function at E,,, is the Polarization Resistance (Ry).

R, was used together with the Tafel Constant B .(a_ssumed as b.1 Videcade) to determine i,

using the formula R, = BAB,I (2.3 (i) (Ba * B.))). The corrosion currents were calculated

for these samples and are shown in Table 8. '
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TABLE 8 CORROSION CURRENTS
Alloy foarr (MAJCMY®)
Mgs.Nis,CoMn, 1.8
Mg,;Nigs 19
Mg Nis 28
MgssNies 61
Ti,ZrNisCr:CoMn,g 0.38

TABLE 9

CORROSION POTENTIALS
Alloy Eeorr (V)
Mg;,Niz;Co,Mn, -0.751
Mg,;Nigs -0.781
Mgs,Nis 0.738
MgsoNi, -0.813
Tiy 25N Cr:CoMn,e -0.750

This example demonstrates the effectiveness of chemical modification 'in the MgNi

based alloys of the present invention in reducing corrosion potential as well as corrosion current

compared to binary MgNi.

Exampie 8

The effect of microstructure on thie degree of passivation for a representative alloy was
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studied. Bulk alloy material having the composition Mgs,Ni;,Co,Mn, was prepared using
mechanical alloying, melt spinning, and gas atomization. The mechanically alloyed material had
a microstructure including a substantial volume fraction characterized by intermediate range
order. In contrast, both the melt spun and gas atomized material were substantially
polycrystaliine.

The Degree of Passivation of the samples described in Table 10 was evaluated from the
performance of the polarization curve around the corrosion potential at a range of $20 mV as
described earlier. Due to passivation of the alloys, the polarization curves deviate from a linear
behavior as the electrodes are polarized to more anodic potentials. The larger the
corrosion/passivation current, the larger the deviation from linearity. The degree of passivation
of the alloys was walﬁated by dividing the actual oxidation (anodic) current by the linear

current. This parameter Is presented in Table 10 for the different bulk materials.

TABLE 10
Degree of Passivation

Alloy Degree of Passivation

Mgs.Ni,,CoMn, — MA 0.28
(intermediate range order)

Mg Ni,,Co,Mn, -- melt . 0.44
spinhing
{polycrystalline)

Mgs,Ni;;CoMn, 0.44
gas atomization )
(polycrystalline)

This example demonstrates that not only composition, but structure as well, also’

improved passivation resistance.

Example 9

Based on lengthy experience working with disordered materials as well as the specific
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MgNi disclosed herein, the inveniors appreciate that additional methods of fabricating Ovonic
MgNi based alloys having the preferred microstructure and hence demonstrating the unexpected
storage capacity and other electrochemical performance characteristics are possible. The
purpose of this example is to disciose a method of preparation employing rapid solidification
followed by thermal annealing at an appropriate time and temperature to obtain the 20-50 A
crystallites defined by earlier examples as optimizing electrical performance. The thermal
annealing may be performed on the alioy powder itself immediately after rapid solldification as
well as on fabricated negative electrode material.

In view of the above, it is obvious to those skilled in the art that the present invention

identifies and encompasses a range of alloy compositions which, when incorporated as a

- disordered negative electrode in metal hydride cells resuits in.batteries having improved

performance characteristics.
The drawings, discussion, descriptions, and examples of this specification are merely
ilustrative of particular embodiments of the invention and are not meant as limitations upon its

practice. It is the following claims, including all equivalents, that define the scope of the

invention.

What is claimed is:
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CLAIMS
1. A disordered multicomponent MgNi based electrochemical hydrogen storage material
comprising: .
(Base Alloy),M,
where,

Base Alloy is an alloy of Mg and Ni in a ratio of from about 1:2 to about 2:1;

M represents at least one modifier element chosen from the group consisting of Co, Mn,
Al, Fe, Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, 8i, Zn, Li, Cd, Na, Pb, La, Ce, Pr, Nd, Mm, Pd, Pt, and
Ca; '

b is greater than 0.5 atomic percent and less than 30 atomic percent; and

a + b = 100 atomic percent; and
wherein said disordered MgNi based electrochemical hydrogen storage material exhibits a
microstructure including a substantial volume fraction characterized by intermediate range order,

2 The MgNi based electrochemical hydrogen storage mateﬁl of claim 1, wherein said
substantial volume fraction also includes polycrystalline inclusions.

3. The MgNi based electrochemical hydrogen storage material of claim 1, where the
microstructure of said material provides additional numbers of active sites.

4, The MgNi based electrochemical hydrogen storage material of claim 1, wherein said
material comprises powder partiicles less than 20 microns in size. )

5. The MgNi based electrochemical hydrogen storage material of claim 4, wherein said
powder particles average around 5§ microns in size. '

6. The MgNi based electrochemical hydroge-n storage m.aterial of claim 1, wherein said
matetial comprises crystallites that are primarily from 0-70 A_ in size. '

7. The MgNi based electrochemical hydrogen storage material of claim 1, wherein said
material comprises crystallites that are primarily from 20-50 A in size.

8. The MgNi based electrochemical hydrogen storage material of claim 1, wherein said at
least one modifier is Co and b = 0.5 to 8.0 atomic percent.

9. _The MgNi based electrochemical hydrogen storage material of claim 1, wherein said at

R ———

) O O
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least one modifier is Co and Mn.

10. The MgNi based electrochemical hydrogen storage material of claim 1, wherein said
rafio of Mg and Ni is about 1:1.

1. The MgNi based electrochemical hydrogen storage material of claim 4, wherein said
material is etched following fabrication using an acid etch.

12. The MgNi based electrochemical hydrogen storage material of claim 11, wherein said
material is etched after it has been formed into a negative electrode using an acid etch.

13. The MgNi based electrochemical hydrogen storage material of claim 1, comprising:

(Base Alloy),Co,Mn_
wherein

b = 0.1 to 8.5 atomic percent:
¢ = 0.1 to 8.5 atomic percent;
b + ¢ = 0.5 atomic percent; and
a + b + ¢ = 100 atomic percent.

14, The MgNi based electrochemical hydrogen storage material of claim 13, wherein
b= 2.5 to 5.5 atomic percent, and
¢ = 4.5 to B.5 atomic percent.

185, The MgNi based electrochemical hydrogen storage material of claim 1, wherein said
materials have the formtila

Mgs,Ni,CoMn,.

16. A disordered multicomponent MgNi based electrochémicl hydrogen storage material
compxrising:

(M91Jw'xNi1-y-zc°-yM nz)1-|-b—cM“lebM."e

where
x is 0.01 to 6.0 atomic percent;
y is 0.1 to 8.5, preferably 2.5 to 5.5 atomic percent;

0 O 0
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zis 0.1 to 10, preferably 4.5 to 8.5 atomic percent;

a is 0.1 to & atomic percent;

b is 0.01 to 2 atomic percent;

¢ is 0.01 to 3 atomic percent;

d is 0.01 to 8 atomic percent;

M' is chosen from the group consisting of Ca, Be, and Y;

M" is chosen from the group consisting of V, Ti, Zr, Cr, Al, Fe, and Sn;

M"™ is chosen from the group consisting of B, Bi, In, and Sb: and

M" is chosen from the group consisting of Cu, Th, Si, Zn, Li, La, Ce, Pr, Nd, Mm, and

17. The MgNi based electrochemical hydrogen storage matetial of claim 18, where
x is 0.1 to 6.0 atomic percent;
y is 2.5 to 5.5 atomic percent; and
zis 4.5 to 8.5 atomic percent.

18. The MgNi based electrochemicat hydrogen storage material of claim 16, where said
material is etched following fabrication using an acid etch.

19, The MgNi based electrochemical hydrogen storage material of claim 16, where said
material is etched after said material has been formed into a negative electrode using an acid
etch. '

20. An electrochemical hydrogen storage cell comprising:

a disordered mulﬁcomponenf negative-electrode comprising an alloy of Mg and Niin a
ratio of from about 1:2 to about 2:1; and at least one modifier element chosen from the group
consisting of Co, Mn, Al, Fe, Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, Si, Zn, Li, Cd, Na, Pb, La, Ce,
Pr, Nd, Mm, Pd, Pt, and Ca where the total mass of said at léast one modifier is greater than
0.5 atomic percent and less than 30 atomic percent of said a!loy; where said disordered MgNi
based electrochemical hydrogen storage material exhibits a microstructure including a
substantial volume fraction characterized by intermediate range order;

a positive electrode; and

a separator.
21. The electrochemical hydrogen storage cell of claim 20, wherein said hydrogen storage
material further includes a volume fraction of said microstruc'ture characterized by polycrystatline

inclusions.
I —

T
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22. The electrochemical hydrogen storage cell of claim 20, wherein the microstructure of

said disordered MgNt material provides additional numbers of active sites.

23. The electrochemical hydrogen storage cell of claim 20, wherein said disordered MgNi
based electrochemical hydrogen storage material comprises powder partlcleé that are {ess than

38 microns in size.

24, The electrochemical hydrogen storage cell of claim 20, wherein said disordered MgNi

based electrochemical hydrogen storage material comprises powder particles around 5-20

microns in size.

25. The electrochemical hydrogen storage cell of claim 20, wherein said disordered Mghi
based electrochemical hydrogen storage material comprises crystallites that are primarily from
0-70 A in size.

26. The electrochemical hydrogen storage cell of claim 20, wherein said disordered MgNi-
based electrochemical hydrogen storage material comprises crystaliites that are primarily from
20-50 A in size.
27. A method for fabricating a disordered muilticomponent MgNi based electrochermical
hydrogen storage material comprising the stepé of: .

rapidly solidifying an alloy of Mg and Ni in a ratio of fiom about 1:2 to about 2:1
modified using at least one_modiﬁer element chosen from th_é group consisting of Co, Mn, Al,
Fe, Cu, Mo, W, Cr, V, Ti, Zr, 8n, Th, Si, Zn, Li, Cd, Na, Pb, La, Ce, Pr, Nd, Mm, Pd, Pt, and Ca
where the total mass of said at least one modifier element is greater than 0.5 atomic pefcent
and less than 30 atomic percent; and

mechanically alloying the rapidly solidified melt spun alloy;
wherein the rapidiy solidified/mechanically alloyed alloy exhibits a microstructure Inclu_ding' a

substantial volume fraction characterized by intermediate range order.

A
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28.  The method of claim 27, wherein said hydrogen storage material is fabricated to further
include a volume fraction of the microstructitre thereof which is characterized by polycrystaliine

inclusions.

29, The method of claim 27, wherein said step of rapidly solidifying is accomplished using

melt spinning.

30. The method of claim 27, further comprising the step of

etching the rapidly Solidiﬁedlmechanically alloyed alloy using an acid etch.

3. The method of claim 27, further comprising the step of

thermally annealing the rapidly solidified/mechanically alloyed alloy.

32. The method of claim 27, further comprising the step of

etching the rapidly solidified/mechanically alloyed alloy after said alloy has been formed
into a negative electrode. ~

33. The method claim 27, further comprising the step of

thermally annealing the rapidly solidified/mechanically alioyed -alloy after said alloy has

‘been formed into a negative electrode.

34. The method of claim 27, wherein the rapidly solidified/mechanically alloyed alloy

comprises powder particles that are less than 20 microns in size.

35, The method of claim 27, wherein the rapidly solidified/mechanically alloyed alloy

comprises powder particles that average around 5-20 microns in size.

36. The method of claim 27, wherein the rapidly solidified/mechanically alloyed alloy

* [ L M S *
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comprises crystallites that are primarily from 0-70 A in size.

37. The method of claim 27, wherein the rapidly solidified/mechanically alloyed alloy

comprises crystallites that are primarily from 20-50 A in size.

38. A method for fabricating a disordered multicomponent MgNi based electrochemical
hydrogen storage material comprising the steps of:

rapidly solidifying an alloy of Mg and Ni in a ratio of from about 1:2 to about 21

“modified using at least one modifier element chosen from the group consisting of Co, Mn, A,

Fe, Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, Si, Zn, Li, Cd, Na, Pb, La, Ce, Pr, Nd, Mm, Pd, Pt, and Ca
where the total mass of said at least one modifier elemerit is greater than 0.5 atomic percent
and less than 30 atomic percent;

wherein the rapidly solidified alloy exhibits a microstructure including a substantial volume

fraction characterized by intermediate range order.

38. The method of claim 38, wherein said hydrogen storage material is fabricated to further
include a volume fraction of the microstructure thereof which is characterized by polycrystaliine

inclusions.

40. The method of claim 38, wherein said Step of rapidly solidifying is accomplished using

melt spinning.

41. The method of claim 38, further comprising the step of

etching the rapidly solidified alloy using an acid etch.

42. The method of claim 38, further comprising the step of

thermally annealing the rapidly solidified alloy.

* ¢ L M § %
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43, The method of claim 38, further comprising the step of

etching the rapidly solidified alloy after said alloy has been formed into a negative

electrode.

44, The method of claim 38, further comprising the step of
thermally annealing the rapidly solidified alloy.after said alloy has been formed info a
negative electrode.

45, The method of ciaim 38, where the rapidly solidified alloy comprises powder particles

that are less than 38 microns in size.

46, The method of claim 38, where the rapidly solidified alloy comprises powder particles

that are around 5-20 microns in size.

47. The method of claim 38, where the rapidly solidified alloy comprises crystallites that are
primarily from 0-70 A in size.

48. The method of claim 38, wherein the rapidly solidified alloy comprises crystallites that

are primarily from 20-50 A in size.

49, A method for fabricating a disordered muiticomponent MgNi based electrochemical
hydrogen storage material comprising the steps of: _ '

mechanically alloying an alioy of Mg and Ni in a ratio of from about 1:2 to about 2:1
modified using at ieast one modifier element chosen from the group consisting of Co, Mn, .Al,
Fe, Cu, Mo, W, Cr, V, Ti, Zr, Sn, Th, Si, Zn, Li, Cd, Né, Pb, La, Ce, Pr, Nd, Mm, Pd, Pt, and Ca
where the total mass of said at least one modifier element is greater than 0.5 atomic percent
and less than 30 atomic percent; |

where the mechanically alloyed alloy exhibits a microstructure including a substantial volume

) O R
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fraction characterized by intermediate range order.

50. The method of claim 48, wherein said hydrogen storage material is fabricated to further
include a volume fraction of the microstructure thereof which is characterized by polycrystal!lhe

inclusions.

51. The method of claim 49, where said step of mechanically alloying is accomplished using

an attritor.

52 The method of claim 49, further comprising the step of

etching the mechanically alloyed alloy using an acid etch.

53. The method of claim 49, further comprising the step of

thermally annealing the mechanically alloyed alloy.

54, The method of claim 49, further comprising the step of

etching the mechanically alloyed powder after said alloy has heen formed into a

negative electrode.
58. The method of .claim 49, further comprfsing the step of

thermally annealing the mechanically alioyed alloy using an acid etch after said alloy

has been formed into a negative electrode.

§6. The method of claim 49, where the mechanically alioyed alloy comprises powder

particles that are less than 38 microns in size.

§7. The method of claim 49, where the mechanically alloyed alloy comprises powder

N



10

WO 96/36084

This Sheet Has Been Rerla

(U

44
particles that are around 5 microns in size.

§8. The method of claim 49, where the mechanically alloved alloy comprises crystaliites that

are primarily from 0-70 A in size.

59. The method of claim 49, where the mechanically alloyed alloy comprises crystallites that
are primarily from 20-50 A in size.

60. A method of activating Ovonic negative nickel metal hydride electrode material

characterized by the step of subjecting said electrode material to an acid etch.

61. The method of claim 59, where the Ovonic electrode material is selected from the group

consisting: LaNis-type materials, TiNi-type materials, and MgNi-type materials.
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