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METAL HYDRIDE ALLOY

FIELD OF THE INVENTION
{00061] This mvention relates to alloy materials and methods for their fabrication, In particular,
the imvention relates to metal hydnde alloy materials which are capable of absorbing and desorbing
hydrogen. In particular instances, the invention relates 1o AB, (1 < x < 5) type metal hydride alloy
materials which manifest imaproved low-temperature electrochemical performance when incorporated
into rechargeable battery cells, In other instances, the invention relates to metal hydride alloy materials
wherein at foast some regions of the surface of the alloy have a morphology which includes a plurality

of interconnected catalytic channels,

BACKGROUND OF THE INVENTION

18062} As 1s known in the art, certain metal hydride alloy materials are capable of absorbing and
desorbing hydrogen, These materials can be used as hydrogen storage media and/or as electrode
materials for fuel cells, and metal hydride batteries including metal hydride/air battery systems.

[9003] When an electrical potential is applied between the cathode and 4 metal hydrde anode in
a metal hydride cell, the negative electrode material (M) is charged by the electrochemical absorption
of hydrogen and the clectrochemical evolution of a hydroxyl 1on; upon discharge, the stored hydrogen
is released to form a water wolecule and evolve an electron. The reactions that take place at the
positive electrode of a nicke! metal hydride cell are also reversible, Most metal hydride cells use a
nickel hydroxide positive electrode. The following charge and discharge reactions take place at a

nickel hydroxide positive clectrode.

charge
NOH)y, + OH T  NiQOH+H,0+¢
discharge
[60064] In a metal hydride cell having a nickel hydroxide positive electrode and a hydrogen

storage negative electrode, the electrodes are typically separated by a nou-woven, felted, nylon or
polypropylene separator. The electrolyte is usually an atkaline aqueous clectroiyte, for example, 20
to 45 weight percent potassium hydroxide,

[80065] Oune particular group of metal hydride materials having utility in metal hydride battery

systems is known as the AB, class of material with reference to the crystalline sites that s member
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component elements oceupy. ABy type materials are disclosed, for example, in U.S. Patent 5,536,591
and U.S. Patent 6,210,498, the disclosures of which are incorporated herein by reference. Such
materials may include, but are not linuted to, modified LaNis type as well as the TIVZiNi type active
materials, These materials reversibly form hydrides in order to store hydrogen. Such waterials utilize
a generic T1--V--Ni composition, where at least T1, V, and Ni are present with at least one or more of
Cr, Zr, and Al. The materials are multiphase materials, which may contain, but are not himited to, one
or more TIVZrNi type phases with a Ciq and Cis type crystal structure. Some specific formulations
comprise;
{(T1V2xNixd My

where X 18 between 0.2 and 1.0; y is between 0.0 and 0.2; and M=Al or 7r;

Tiz-;;zr;;\]xi-yNiy
where Zr 1s partially substituted for Ty x is between 0.0 and 1.5; and v is between .6 and 3.5; and

Ti i .x(jrx\/fi-yi h’}"

where Cr 1s partially substituted for T1; x is between 6.0 and 0.75; and y 18 between 0.2 and 1.0

[80066] Other Ti--V--Zr--Ni alloys may also be used for a rechargeable hydrogen storage negative
electrode. One such family of materials is a specilic sub-class of these Ti~-V--Ni--Zr alloys
comprising Ti, V, Zr, Ni, and a fifth compenent, Cr. In a particular instance, the alloy has the
Composition
(T2 vV aNig Oy

where x 18 from .00 1o 1.5, v is from 0.6 to 3.5, and # is an eflective amount less than 0.20. These
alloys may be viewed stoichiometrically as comprising 80 atomic percent of a V--Ti--Zr--Ni moiety
and up to 20 atomic porcent Cr, where the ratio of (Ti+Zr+Cr+optional modifiers) to (Ni+V-+optional
modifiers) is between .40 to 0.67. These alloys may include additives and modifiers beyond the Ty,
VY, Zx, Ni, and Cr components,

[806G7] The V--Ti~-Zr--Ni family of alloys has an inherently higher discharge rate capability than
previously deseribed alloys.  This 15 the result of substantially higher surface arcas at the
metal/electrolyte nterface for electrodes made from the V--Ti-Zr--Ni materials.  The surface
roughness factor (total surface area divided by geometric surface arca) of V--Ti--Zr--Ni alloys is about

10,000, This value indicates a very high surface arca and s supported by the inherently high rate
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capability of these materials, The characterisiic surface roughness of the metal/electrolyte intertace
is a result of the disordered nature of the material. Since all of the constituent elements, as well as
many alloys and phases of therm, are present throughout the metal, they are also represented at the
surfaces and at cracks which form in the metal/electrolyte 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. These
microscopic chemical, physical, and crystallographic parameters of the individual phases within the
hydrogen storage alloy material are believed to be important in determining U8 macroscopic
electrochenical characteristics.

[8008] In addition to the physical nature of s roughened surface, it has been observed that V--
Ti--Zy~-Ni alloys tend to reach a steady state surface composition and particle size. This steady state
surface composition 18 characterized by a relatively high concentration of metallic nickel. These
obscrvations are counsisient with a rolatively high rate of reraoval through precipitation of the oxides
of titanium and zirconium from the surface and a much lower rate of nicke] solubilization, providing
a degree of porosity 1o the surface. The resultant surface scems o have 2 higher conceniration of
nickel than would be expected from the bulk composition of the negative hydrogen storage electrode.
Nickel in the metallic state 1s electrically conductive and catalytic, imparting these properties to the
surface. As a result, the surface of the negative hydrogen storage electrode is more catalytic and
conductive than if the surface contained a higher concentration of insulating oxides,

[8009] in contrast to the Ti--V--Zr--Ni based alloys described above, alloys of the medified LaNis
type have generally been considered “ordered” materials that have a different chemustry and
microstructure, and exhibit different electrochenucal characteristics compared to the Ti-~V--Zr--Ni
alloys. However, analysis reveals while the carly unmodified LaNis type alloys may have been
ordered materials, the more vecently developed, highly modified LaNis alloys are wot.  The
performance of the early ordered LaNis materials was poor. However, the modified LaNic alloys
presently in use have a high degree of modilication (that is as the number and amount of elemental
modifiers has increased) and the performance of these alloys has improved significantly. This is due
to the disorder contributed by the modificrs as well as their clectrical and chemical propertics.

{8010} .S, Patent 5,536,591 considers the compositional microstructure of hydrogen storage
alloys in greater detail and recognizes that the composition of hydrogen storage alloys is more

complicated than is indicaled by the nominal or bulk composition. Specifically, the ‘391 patent



(42) JP 2017-135104 A 2017.8.3

recognizes the importance of a surface oxide layer that is typically present in hydrogen storage alloys,
and its influence on the charging and discharging processes. In electrochemically driven processes,
for example, the oxide layver constitutes an mierface between the clectrolyte and the bulk hvdrogen
storage alloy and accordingly may also be relerred (o as an inter{ace layer or region. Sioce oxide
layers are typicaily insulating, they generally tnhibit the performance of electrodes utilizing metals or
metal alloys, Prior to electrochemical reaction, mastal or muetal alloy electrodes are typically activated,
a process i which the surface oxide layer is removed, reduced or modified to improve performance.
The process of activation may be accomplished, for example, by ciching, clectrical forming, pre-
conditioning or other methods suitable for removing or altering excess oxides or hydroxides. See, for
cxample, U.S, Patent 4,717,088, the disclosure of which is hereby incorporated by reference.

{011 The ‘591 patent extended the Ovshinsky principles to the oxide layer of hydrogen storage
materials and thereby demonstrated improved catalytic activity, Specifically, hydrogen storage atloys
having Ni-enriched catalytic regions in the oxide layer are shown to have high catalytic activity. The
Ni-enriched catalytic rogions may be preparcd, for example, through an activation process in which
elements of the hydrogen storage alloy other than Ni are preferentially corroded to provide regions of
metallic nickel alloy of about 50-70 angstroms distributed throughout the oxide layer. The Ni-
enriched catalytic regions function as catalyiic sites having high activity, Formation of the Ni-
enriched catalytic regions of the ‘591 patent is promoted by a pre~-activation thermal annealing step.
The annealing step acts to condition the surface region of a hydrogen storage alloy and ronders it more
susceptible to the formation of Ni-enriched catalytic regions during activation,

{0012] U.S, Patent No. 4,716,088, the disclosure of which is incorporated herein by reference,
discloses, infer afia, a process for activating wetal hvdride storage materials to alter the relatively thin,
but very dense surface oxide interface layer separating the bulk alloy material forming the negative
electrode 1 a nickel metal hydride battery from the electrolyte (sach as KOH). In the activation
process, the thin surface oxide thickens as it i3 further oxidized upon exposure to the electroiyte.
However, the oxide also becomes more porous and thereby allows electrolyte to interact with the bulk
metal and provide a pathway {or the chemical reactions, specifically shutthing of hydrogen ions from
the bulk metal alloy to the clectrolyte.

18013] Improving drastically on the disclosure of the 088 patent, the 591 patcut drastically
changes the thicker, porous surface oxide formed by the activation process taught by the ‘088 patent.

The inventors thereof surprisingly discovered that the sieady state surface oxide of the “08R patent
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could be characterized as having a relatively high concentration of metailic nickel. An aspect of the
‘591 patent is that, by subjecting the metal hydride alloy to a relative lengthy soak in KOH solution,
at elevated temperature, a significant increase n the frequency of oceurrence of these nickel regions
as well as a more pronounced localization of these regions, More specifically, the materials of the
‘591 patent have enriched nickel regions of 50-70 angstroms in diameter distributed throughout the
oxide interface and varying in proxivmty from 2-300 angstroms, preferably 50-100 angstroms, from
region to region. As a result of the inerease 1n the frequency of occurrence of these nickel regions,
the materials of the “591 patent exhibit increased catalysis and conductivity,

[8¢14] The increased density of Ni regions in the 5391 patent provides powder particles having
an enriched Ni surface. Prior to the 591 patent, Ni enrichment was attemipted unsuccessfully using
microencapsulation. The method of Ni microencapsnlation results in the deposition of a layer of Ni
about 100 angstroms thick at the metal-clectrolyte interface. Such an amount is excessive and results
m no mprovemecnt of performance characteristics.

[B015] The enriched Ni regions of the ‘591 patent can be formed via the following fabrication
strategy: Specifically formulate an alloy baving a surface region that is prefercutially corroded during
activation to produce the enriched Ni regions. As stated in the "591 patent, it is believed that Niis in
association with an clement such as Al at specific surface regions and that this element corrodes
preferentially during activation, leaving the enriched Ni regions of the *581 patent. “Activation” as
used herein and i the “591 patent refers to “etching” or other methods of removing excessive oxides,
such as described in the ‘088 patent, as applied to electrode alloy powder, the finished slectrode, or at
arry point int between in order to inprove the hydrogen transter rate.

[8016] The Ni-enriched catalytic regious of the 591 patent are discrete regions. The catalytic
activity of the Ni-enriched catalytic regions is controilable by controlling their size, separation,
chemical composition and local topology. In one emsbodiment of the “591 patent, the discrete Ni-
enriched catalytic regions include metallic Ni particles having a diameter of 50-70 angstroms or less
that arc separated from each other by distances of 2-300 angstroms. The Ni-enriched catalytic regions
are distributed throughout the oxide layer. The portions of the oxide fayer surrounding the Ni-eariched
catalytic regions or catalytic metallic Ni particles are referred to as the support matrix, supporting
matrix, supporting oxide, oxide support or the ke, The Ni-enriched catalytic regions are thus
supported by or within the support matrix. The support matrix may include fine and coarse grained

oxides and/or hydroxides of one or more of the metallic elements present tn the hydrogen storage alloy
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composition and may also include multiple phases, some of which may be microcrystalline,
nanocrystalline or amorphous.

[0617] Further improverents over the alloys of the ‘591 patent arc disclosed i U.S. Patent
6,740,448, the disclosure of which is incorporated herein by reference, wherein it is taught that
superior catalysis and high rate discharge performance can be achieved by one or more of the
tollowing: 1) the catalytic metallic sites of the alloys are tormed from a nickel alioy such as NiMnCoTi
rather than just Ni; 2) the catalytic metallic sites of the alloys are converied by elemental substitution
10 an FCC structure from the BCC structure of the prior art Ni sites; 3) the catalytic metallic sites of
the alloys are much smaller in size (1050, preferably 10-40, most preferably 18-30 angstroms) than
the Ni sites of the prior art alloys (50-70 angstroms) and have a finer distribution {closer proximity};
4} the catalytic metallic sites of the alloys are surrounded by an oxide of a4 multivalent material
{containing MnQy) which is belicved to possibly be catalytic as well, as opposed to the ZrTi oxide
which surrounded the prior art Ni sites; 5 the oxide could also be multiphase with very small (10-20
angstroms) Ni particles finely distributed in a MnCoTi oxide matrix; 6} the oxide may be a mix of
fine and coarse grained oxides with finely dispersed catalvtic metallic sites; 7) alioy modification with
aluminum may suppress nucleation of large (50-70 angstroms) catalytic metallic sites {at 100
angsirom proximity) mto a more desirable “catalytic cloud” (10-20 angstromas n size and 10-20
angstroms proximity}; 8) NiMn oxide is the predominant microcrystaliine phase in the oxide and the
catalytic metallic sites may be coated with NiMn oxade.

{6318 The oxide surface of the alloys of the “448 patent is the same thickness as that of the prior
art alloys; however, the modification of those alloys 15 described as affecting the oxide surface in
several benelicial ways, First the oxide accessibility has been affected. That s, the additives to the
alloy have increased the porosity and the surface area of the oxide. This is suggested to be caused by
Al, 8o and Co. The modifiers added to the alloy are readily soluble in the slectrolyte and believed to
“dissolve” out of the surface of the alloy material, leaving a less dense, more porous surface into which
the clectrolyte and 1ons can easily diffuse. Second, the inventors of the ‘448 patent have noted that
the derivative alloys have a higher surface area than the prior art alloys, and it is believed that the
mechanical propertics of the alloy (i.¢. hardness, ductility, ote.) have been affected. This allows the
material to be crushed casier, and allows for more microcracks to be formed o the alloy material
during production and also easier in-sity formation of microcracks during electrochemical formation.

Finally, the inventors of the ‘448 patent have noted that the alloys are more eatalytically active than
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the prior art alloys. This 1s belicved to be caused by a more catalytic active oxide surface layer. This
surface layer, as i3 the case with some prior art materials (see for example U.S. Patent 5,536,591 1o
Feicenko ct al ), includes nickel particles therein, These mickel particles are believed to provide the
alloy with tts surface catalytic activity. In the alloy of the *448 patent, the inventors believe there are
a number of factors causing the instant increase in catalytic surface activity. First, the inventors
believe that the nickel particles are smaller and more evenly dispersed i the oxide surface of the
mstant alloy materials. The nickel particles are believed Lo be on the order of 10 to 50 angstroms in
size. Second, the inventors believe that the nickel particles may also include other elements such as
cobalt, manganese and iron. These additional elements may enhance the catalytic activity of the nickel
particles, possibly by increasing the roughness and surface arca of the nickel catalytic sites themselves.
Third, the inventors of the "448 patent believe that the oxide layer itself is microcrystalline and has
smaller crystallites than prior art oxide. This is believed to increase catalytic activity by providing
grain boundarics within the oxide usclf along which 1ons, such as hydrogen and hydroxyl icus, may
move more freely to the nickel catalyst particles which are situated in the grain boundaries. Finally,
the instand fuveuntors have noted that the concentrations of cobalt, manganese and ron in the oxide
surface are higher than in the bulk alloy and higher than expected in the oxide layer.

10319] The surface arca of the alloy of the ‘448 patent increases in surface arca by about a factor
of four during treatment, and the higher surface area of the alloy is only partially responsible for the
higher catalytic property of these alloys, As the AC fmpedance measurements demonstrated, the
better catalytic activity of the surface of the inventive alloy also contributes to the enhanced catalytic
behavior thereof,

[6020] Henee, the improved power and rate capability of the alloys of the *448 patent is suggested
0 be the result of the higher surface arca within the surface oxide as well as improved catalytic activity
within the oxide due to the swaller size and finer dispersion of the nickel catalyst particles compared
to prior art materials, Observations from high resolution scanning transmission electron microscopy
(STEM) mcluded presence of nickel catalyst “clouds” having a size in the 10-30 angstrom range and
extremely close proximity, on the order of 13-20 and 10-50 angstrom distance. Anocther contributing
factor to the improved catalysis shown by the alloys of the "448 patent is the transformation of the
supporting oxide in which the Ni particles reside.

18021 In other prior art materials, the supporting oxide may be primarily rare earth or TiZr based

oxides while in the case of the ruaterials of the *448 patent, the support oxide is now comprised of at
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least regions of NiCoMnTi “super catalysts.” This could also be NiMn regions surrounded by Tifr
oxide. These super catalysts show a surprising lack of oxygen based on Electron Energy Loss
Spectroscopy (EELS). It may be possible these regions are partially metallic or 1n a low oxidation
state,

06221 Another observation with the materials of the ‘448 patent is that prior art nickel catalytic
regions within the oxide were BCC crystallographic orientation based on Select Area Electron
Diffraction (SAED), which the inventive materials were observed to have an FCC orientation. It may
be possible that the catalytic regions of Ni have been partially substituted by Co, Al, Mn, Sn, or other
elements which have shifted the crystallographic orientation. It 18 indeed likely the BCC to FCC Ni
shift reflects a higher degree of substitution. The inventors of the ‘44¥ patent theorize that 1t 1s also
possible the FCC Ni in conjunction with NiCoMnTi regions and TiZr oxide may form a super lattice
which may further promote ionic diffusion and reaction. Still another theory based on analytical
cvidence suggests that mctallic Ni particles reside ina Mn oxade support. The presence of the Mn
oxide is intriguing in that MnOx is multivalent and could promote catalysis via changing oxide states
during the charge/discharge reactions.

{6323 Finally, another interpretation of the analytical evidence of the ‘448 patent suggests even
a multiphase surface oxide. 1n addition to metallic Ni or Ni alloys, there appears to exist both g fine
grained and coarse grained support oxide. It is suggested that the coarse grained aspect to the surface
1s dominated by TiZr prior art style oxide while the appearance of the fine grained support oxade in
the materials may be the MnOx or NiMuCoTi oxide or a MnCo™Ti oxide.

[ (3824 The supporting matrix and catalytic sites thereof are further discussed m U.S. Patent
6,270,719 (the ‘719 patent) to Fetcenko, Ovshinsky, and colleagues. The ‘719 patent teaches
additional modification of Ni-enriched regions to provide further improvements in catalytic activity.
The 719 patent teaches formation of catalytically active metal-enriched regions comprising not only
metallic Ni particles, but also particles of metal alloys such as alloys of Ni with one or more of Co,
Cr, V, Pi, Pd, Au, Ag, Rh, Ti, Mo, or Al as well as other metal alioys (e.g, PtAu). The “719 patent
further teaches that alloving may provide particles having an FCC structure instead of the BCC
structure of the metallic Ni particles of the 591 patent.

{0025] The instant invention further considers the nature of the oxide support layer of hydrogen
storage alloys and is particularly concerned with extending the Ovshinsky principles to the

microstructure of the support matrix in order Lo obtain 1mproved performance of electrochemical and
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thermal hydrogen storage alloys. The performance of hydrogen storage materials 1s based on factors
that include the intrinsic activity of catalytic sites, the number of catalytic sites, interactions between
catalytic sites, interactions between catalytic sites and hydrogen storage sites, the number of hydrogen
storage sites and the stability of hydrogen storage sites. These factors influence the hydrogen storage
capacity, thermodynamic propertics, and kinctics of hydrogen storage materials, The prior patonts
described hereimabove have demonstrated various ways to improve the activily of catalytic sites, the
number of catalytic sites, the number of hydrogen storage sites, and the stability of hydrogen storage
sties.

16026 LS. Patent 6,830,725, the disclosure of which is incorporated herein by reference,
discusses additional features of the support matrix and/or catalytic metaliic regions or particles that

e
!

are beneficial to the performance of hvdrogen storage materials. More specifically, the *725 patent is
concerned with beneficial modifications of the region at or near the surface of a hydrogen storage
alloy. The region at or near the surface of a hydrogen storage alloy may also be referred to herein as
the surface or interface region, surface or interface layer, surface or interface oxide or the like. The
surface or mterface region constitutes an interface between the electrolyte and the bulk portion of an
electrochemical hydrogen storage alloy. In one embodiment of the *725 patent, the interface region
mcludes catalytic metal or metal alloy particles having angstrom scale dimensions that are supported
by a surrounding support matrix having a higher degree of porosity than with previously known metal
hydride alioys, As described therein, the relative proportions of catalytic metal or ruetal alloy particies
and support matrix in the surface region vary with the composition and processing treatments of the
mstant hydrogen storage alloys.

166271 The 725 patent describes a process for tuning the mwicrostructure of the support mairix in
the interface region of hydrogen storage alloys so as to create a more open network structure that
facilitates the access of reactant specics to catalytic sites and the doparture of product specics away
from catalytic sites through voids or channels in the interface region. Voids and channels of sufficient
size relative to participating reactant species (in charging or discharging processes) facilitate the
mobility of reactant species and may be referred to as reactant voids or chaonels. The presence of
reactant voids or channels in the interface region of the instant alloys can lead to greater utilization of
catalytic sites and iraproved performance, particularly at low temperature, Another aspect of the 7725

patent focuses on tuning the microstructure of the interface region of hydrogen storage alloys so as to
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merease the density of catalytic sites. A greater number of catalytic sites in a given volume of
hydrogen storage alioy leads to an increase in overall catalytic reactivity.

[0628] As will be explained 1n detail hereinbelow, the present mvention incorporates and builds
on the above-described techniques and, among other things, builds on the teaching of the prior art so
as to further improve the surface morphology, and hence the three-dimensional configuration and the
catalytic activity of the hydrogen storage alloy materials in general, and their surface interface regions
in particular. However, the improvement taught by the instant inventors is not trivial. The analysis
performed on the subject microstructurally tuned interface surface reveals that for the first time the
interfacial surface layer is not the same throughout, A particle of hydrogen storage alloy material has
a huge surface area and therefore a huge amount of mterfacial surface exposed to the electrolyte.
Heretofore, analyses of the various arcas of the surface oxide revealed identical surface morphologies,
i.e., approximately the same density of metallic nickel alloy particles and voids or pores or channels
mto the surface oxide, For the fivst timag, applicants have changed the morphology of adjacent regions
of the interfacial surface. The change in average size of the channels enhances the performance of the
alloy, in particular under low temperature conditions. The altoys of the present invention may include
modifiers which may hercinafter be referred to as modifying elements, microstructure tuning
elements, microstructure modifiers, support matrix modificrs, supporiing oxide modifiers, surface or
interface region modifiers or the like. The presence of the formula modifiers in combination with
other elements provides an overall alloy fornwlation that provides the beneficial microstructural and
porosity effects of the instant invention,

0281 In the absence of microstructure tuning according to the instant invention, the base alloys
may have metal curiched catalytic regions that include catalytically active particles comprised of
nickel, nickel alloy as well as other metals or metal alioys as described in the *591, *725 and 719
patents.

13838] Microstructure tuning according to the instant invention permuts control of the
morphology, and i pariicular the three-dimensional structure, of the inter{ace layer surrounding the
catalytically active particles and thereby enhances the mobility of relevant molecules or molecular
species in electrochemical or thermal charging or discharging processes with respect to the alloy
material. The microstructure of the tustant alloys has specifically configured voids or channels which

define a three-dimensional structure that facilitates access of reactant species within the surface region
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as well as to and from catalytic particles or regions, The instant voids or channels include a higher
density of catalytic metallic particles therein.

18031 The characteristics and range of modifications of the support matrix surrounding the
catalytic metal-enriched regions of the hydrogen siorage materials of the prior art have not been fully
optimized. Incidental variations of the support matrix as a result of effects intended to improve the
performance or nuaber of catalytic and hydrogen storage sites have been meuntioned, but no teaching
of the intentional modification of the three-dimensional morphology of the support matrix has been
presented. In the 591 patent, for cxample, formation of Ni-enriched regions was belioved to provide
a somewhat more porous supporting oxide. In the “719 patent, as another example, inclusion of Mn
n the bulk composition of the hydrogen storage alicy was proposed to provide a multivalent MnOy
component to the oxide layer where the multivalent component may have catalytic properties.

{90321 Tuning of the three-dimensional structure and catalytic sites of the channels in the oxide
mterface layver of the materials of the present invention provides an additional degree of freedom for
optimizing the performance of clectrochemical and thermal hydrogen storage materials. In addition
to the intrinsic activity, number, and interactions among and between catalviic sites, hydrogen storage
sites and swrrounding material described hereinabove, high performance further requires that a
hydrogen bearing source such as hydrogen gas or water has accessibility to a catalytic site. The
concept of accessibility further extends to the ability of byproducts formed during charging or
products formed during discharging to depart catalytic sites so that the site may be further utilized.
{8933] As an example, an electrochemical hydrogen storage alloy that includes metal enriched
catalytic regions may be considered wherein the alloy is included as the negative electrode of a
rechargeable battery in the presence of an aqueous clectrolyte. Upon charging, water accesses a mctal
cnriched catalytic site to form atomic hydrogen for storage and a hydroxyl ion byproduct. In order
for this charging process to occur, the support muatrix surrounding metal enriched catalvtic sites must
be sufficiently open or porous to permit water molecules from the electrolyte to access the metal
enriched catalytic sites.  Additionally, m order to continually cftect catalysis at 4 metal cnriched
catalytic site, the support matrix must permit hydroxyl ion formed during charging to migrate, diffuse
or otherwise depart from the catalytic site so that the access of further water ruolecules to the catalytic
site is not fmpeded or otherwise blocked by the presence of a hydroxyl ion. Similar considerations
apply on discharging. Upon discharging, stored hydrogen combines with hydroxyl ions at a catalytic

site to form water. In order to achieve tugh discharge rates, it is preferable for the support matrix to
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be sufficiently porous to allow for the facile departure of water molecules formed upon discharging
away from the catalytic site. If the departure of water molecules is inhibited by the support matrix,
the catalytic site 18 effectively blocked and additional discharging may be mhibited.  Optimal
discharging requires not only rapid {ormation of product, but also rapid departure or transport of
products (and byproducts, if present) away from the catalytic site so that the site is available for further
participation i the discharge reaction. In addition to reactants, producis and byproducts, the
accessibility and mobility of 1ons in the electrolyte to catalytic sites, hydrogen storage sites and within
a hydrogen storage material ruay also be relevant to the overall performance and efficiency of charging
and discharging reactions,

{0034] Insufficicnt porosity and/or an mnadequate pore morphology of the support matrix may
inhibit access to or departure from catalytic sites, for example, by presenting a structure having
openings or channels that are too small to provide facile migration of molecular species to and/or from
a catalytic site. Thus, even if a particular catalytic stte (e.g. within a metal enriched catalytic region
or catalytic metallic particie) has high activity, fast kinetics for charging and discharging etc., inability
of reactant molscules or electrolyte species to access the catalyhic site or inability of product molecules
or electrolyte species to depart the catalytic sites may have a deleterious effect on the performance of
a hydrogen storage material,

[ H635] in addition to structural barriers associated with accessing or departing a catalytic site, a
supporting matrix may also present sterie, electronic or other barriers. Electronic barriers generally
arise from intermolecular forces of attraction or repulsion that may be present between the support
matrix and migrating or diffusing molecules or chemical species. Electrostatic, van der Waals,
honding, ete. inleractions may act to impede migration or diffusion even if sutficiently large structural
pathways for migration are available within the support natrix, The concept of porosity as used herein
is intended 10 broadly encompass barriers or inhibitions, regardless of origin, provided by the support
matrix to the migration or diffusion of spocics participating in charging or discharging processes. A
highly porous support matrix provides few barriers to migration or diftusion, while a low porosity or
highly dense support matrix provides substantial barriers to migration or diffusion,

[0036] The ability of a molecule or other chemical specics to access or depart a catalytic site may
also be referred to as the mobility of the molecule within or with respect to the support matrix. A
molecule or chemical species having high mobility is readily able to penetrate, migrate through,

diffuse within or otherwise transport through or within the support matrix.  High mobility implies
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greater accessibility of reactants to catalytic sites during charging and greater ability of products to
depart from a catalytic site during discharging. High mobility also implies a greater ability of
byproducts to depart from a catalytic site during etther or both of charging and discharging. High
maobility of a species through a support matrix implies that the support matrix provides few barriers
(structurally, stenically, electronically, ele.) to migration or diffusion. The transport of electrolyte
apecies  is  similarly facilitated through a support watrix  that provides high mebility.
Phenomenologically, species mobility and accessibility to catalytic sites may be manifested in the
charge transfer resistance, particularly at low temperature, of an electrochermically driven process.
Charge transfer resistance is a measure of the facility of the basic electrodic electron transfer process
of ari electrochemical reaction. A high charge transfer resistance implies an inhibited clectron transfer
process. Factors contributing to an inhibition include low number of catalytic sites, low activity of
catalytic sites, or inability of relevant molecules and molecular specics to access or depart catalytic
sites. A highly dense oxide support matrix nhibits the charge trausfer process by impeding access to
and/or departure from a catalytic site. This mhibition contributes to a large charge transfer resistance
and slows the kinetics of an eclectrochemical process.  As the porosity and three-dimensional
morphology of the material increases, the charge transfer resistance decreases as species mobility and
accessibility to catalytic sites improves. As porosity and morphology are optimized, the support
matrix is no longer the dominating factor in determining the charge transfer resistance. Instead, the
number and/or activity of catalytic sites or the concentration of reactive species may become
controlling.

180371 The mobility of a molecule or other molecular specics with respect to a support matrix
may be influenced by external factors such as the teraperatare. Terperature is a relevant consideration
because it controls the thermal energy of a molecule. Higher temperatures provide higher thermal
energies 1o molecules and molecular species that access or depart [rorn a catalytic site thereby betler
enabling them to overcome structural, steric, electronic or other barriers to mobility created by a
support matrix. A support matrix that provides sufficiont mobility at onc teraperature with respect to
a particular charging or discharging process may not provide sufficient mobility at a lower temperature
because of a reduction of thermal energy avatlable to one or more molecules or molecular species
requiring access to or departure from a catalytic region. The therrual energy of mobile molecules or
specics relative to the activation energies of barriers to mobility provided by the support matrix

mflucnces the effectiveness of charging and discharging,
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[0038] The instant invention provides hydrogen storage materials having a preferred
three-dimensional support matrix micro and macrostructurce and a catalytic ability that cnhances the
mobility of relevant molecules and mwolecular species. Mobility enhancements are provided at
elevated teraperatures, roovn temperature and low temperatures. Mobility enhanceruents are provided
by the inclusion or formation of specifically configured, catalytically active channels in the surface
region of the alloy, In a preferred embodiment, an musiant hydrogou storage vaaterial 1s utihized as the
active material in the negative electrode of a nickel metal hydride battery that provides superior
discharge kinetics at temperatures below 0°C.

[60439] In addition to porosity modifications, accelerated and directed preferential corrosion may
also lead to a relative local enhancement, at or in the vicinity ot the surface, of the concentration of
one or more elements that are less susceptible to corrosion. As in the patents incorporated by reference
hereinabove, local enhancements in the concentrations of one or more metals may facilitate the
formation of metal enriched regions that include catalytic metallie particles.

{6340] While not wishing to be bound by theory, the instant inventors believe that the improved
wmorphology of the channe!l structure of the inter{ace layer and/or increased density and/or optimized
size of catalvtic metallic particles afforded by the instant invention may, at least in some embodiments
of the mstant hydrogen storage alloys, occur synergistically. That 1s, an increase in the porosity and
three-dimensional structure of the support matrix may promote the formation of catalytic metallic
particles and vice versa, Rather than merely providing local metal enriched regions that mnclude
catalytic particles supported on an oxide matrix as in the prior art, the instant invention provides a
support matrix comprising a scrics of convoluted, intereonnccted voids or channels defining a three-
dimensional, sponge-tike morphology. Iun addition, al least portions of the interior surfaces of these
interconnected channels are catalytically active and as such include a number of catalytic metallic
particies therein,

{341} A key operative feature of the present invention is to provide access between the voids
and the catalysts. 1t 1s also possible that the introduction of one or more non-madifier clements and/or
implementation of one or more chemical processes may also operaie 1o provide the beneficial
three-dimensional structural and porosity effects of the instant invention, Such elements and
processes can inclade chemical pretreatments designed to selectively atiack one or more of the support
oxide elements. For example, HF may provide the final desired oxide porosity. The reader must

understand that the subject iuvention defines, in nomerouas ways, over the wnvention disclosed by the
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assignee i the "725 patent, the disclosure of which applicant considers the closest prior art. First, the
tnereased porosity is due to not only a change in the cross-sectional size of the channels, but also to
the three-dimnensional shape of those channels as they extend through the surface oxide. While
applicant has provided analysis describing chanmel size, it is to be understood that the size of the
openings will vary bascd on alloy formulations and processing conditions such as preferential
corrosion concentrations, duration and temperature.  In other words, applicants have supplied
additional micro and macrostructural tuning tools that those of ordinary skill in the art may use,
Second, the large, three-dimensional channels have the catalytic, metallic nickel alloy particles
distributed therethroughout, and a structure of this type is not shown, taught, or gbvious from a review
of the *725 patent. Third, additional modificrs present in the bulk alloy may now be found in the
metallic nicket alloy particles. These are not trivial differences; applicants themselves were surprised
to learn of the existence thereof when conducting TEM analysis to understand the reason for the
maproved electrochemical results they had seen. The electrochemical resnlts due to the vastly
improved micro and macrostructure and catalytic activity of the materials of the subject invention
move NiMH batteries imto the forefront of battery technology with a huge operational temperature
range due in part to the large, three-dimensional channels and the ability to accept and deliver buge
current densities due to the improved catabysis of the nickel alloy particles which cover the exterior
and nterior of the surface oxide.

{8042} Hydrogen storage materials suitable for microstructure tuning according to the instant
invention include base hydrogen storage alloys comprising one or more transition metals or rare carths
as well as base alloys in combination with a microstructure tuning element. Base alloys having the
formula types AB, AB2, ABs, or AxB and mixtures thereot are within the scope of the instaut invention
where components A and B may be transition metals, rare earths or combinations thercof in which
componcnt A gencrally bas a sironger tendeucy to form hydrdes than component B,

10043] in the base AB hydrogen storage compositions, A is preferably Ti, Zr, V or mixtures or
alloys thereof and B is preferably selected from the group consisting of Ni, V, Cr, Co, Mn, Mo, Nb,
Al, Mg, Ag, Zn or Pd and mixtares or alloys thereof. Base AB compositions inchade ZrNi, ZrCo,
TiNt, and TiCo as well as modified forms thereof., Representative base AB compositions and modified
forms thereof within the scope of the instant tovention include those described in ULS, Patents
4,623,597, 5,840,440; 5,536,591; and 6,270,719 incorporated by reference hercinabove as well as in

U.S. Patent 5,096,667, the disclosure of which is hereby incorporated by refercnce.
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{8044 Base A2B compositions include MgaNi as well as modified forms thereof according to the
Ovshinsky principles i which cither or both of Mg and Ni is wholly or partially replaced by a multi-
arbital modifier,

[0645] Base AB; compositions are Laves phase compounds and include compositions in which
A 1s Zr, Ti or mixtures or alloys thereof and B 15 Ni, V, Cr, Mn, Co, Mo, Ta, Nb or mixtures or alloys
thereof.,  The mstant wnvention also meludes base AB» compositions modified according to the
Ovshinsky principles described hereinabove. Representative base AB» compositions within the scope
of the instant invention are discussed in U.S, Patent 5,096,667 incorporated by reference hereinabove,
[0646] Base ABs compositions include those in which A is a lanthanide element or a mixture or
alloy thereot and B is a transition metal element or a muxture or alloy thereot. LaNis 18 the prototypical
base ABs compound and has been modified in various ways to improve its properties. Ni may be
partially replaced by elements including Mn, Co, Al, Cr, Ag, Pd, Rh, Sb, V, or Pt, including
combinations thereof, La may be partially replaced by elements including Cc, Pr, Nd, or other rare
earths including combinations thereof. Mischmetal may also wholly or partially replace La. The
mstant invention also includes base AB;s compositions modified according to the Ovshinsky principles
described hereinabove, Representative base ABs compositions within the scope of the instant
invention have been discussed in U.S. Patents 5,096,667 and 5,536,591 incorporated by reference
hereinabove.

10647} Modified Mg-based alloys such as those described in U.S. Patents 5,616,432 and
6,193,929, the disclosures of which are hereby incorporated by reference, are also within the scope of
the instant mvention.

[0048] The base alloys of the iustant invention way also comprise non-stoichiometric
compositions achieved through application of the Ovshinsky principles. Non-stoichiometric
compositions are compositions in which the ratio of clemeunts may not be expressible in terms of
simple ratios of small whole numbers. Representative non-stoichiometric compositions inciude
ABiay, ABos, ABssy, and ABia, where x is a measure of the non-stoichiometric compositional
deviation. The base alloys of the instant invention may also comprise multiphase materials where 2
multiphase material is g combination or mixture of materials having different stoichiometries,
microstructures  and/or  structural  phases. Structural phases include  crystalline  phases,

microcrystalline phases, nanocrystalline phases and amorphous phases.
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[0649] In some embodiments, increased support matrix porosity and/or increased density of
catalytic metallic particles rosults from imclusion of a modifying clement in the basc alloy
composition, In other embodiments, melusion of a modifying element in combination with a
reduction in the amount of one or more elements of the base alloy composition provides increased
porosity of the support matrix and/or increased density of catalytic metallic particles. In still other
cmboduments, microstructure tuning occurs through formation, processing, treatwacnt, activation or
operation steps as described hereinabove.

RS The instant hydrogen storage alloys may be prepared by a varicty of methods that include
melt casting, induction melting, rapid solidification, mechanical alloying, sputtering and gas
atomizaiton. An important aspect of the proparation process of many hydrogen storage alloys s a
post-formation annealing step in which the material as formed during preparation is subjected to an
annealing treatment. The annealing treatment includes heating the material to an elevated temperatare
for a sufficient period of time. An effect of annealing is o alter or condition the surface of the
hydrogen storage material in such a way that the material is susceptibie to or responsive o the
accelerated and directed preferential corrosion process described hereinabove that leads to {ormation
of angstrom scale catalytic metal or metal alloy particles and greater void volume fraction of, and
improved three-dimensional morphology in the surface region. The extent to which accelerated and
directed preferential corrosion forms angstrom scale catalytic particles during activation is influenced
by the local composilion at or uear the surface, In the materials of the “591 and 719 patenis
incorporated by reference hereinabove, local nickel enrichment in the surface region was observed to
cnable or facilitate formation of angstrom scalc catalytic nickel or nickel alloy particles upon
activation. A suitable annealing step induces a condition in the surface region in which the nickel
concentration is enriched relative to the statistical concentration expected from the formula unit of the
hydrogen storage alloy. Annealing under appropriate conditions initiates a segregation of nickel away
from the bulk and toward the surface region to provide a nickel enriched surface region.

{0651} While not wishing to be bound by theory, the instant inventors believe that formation of
a surface region having a sufficiently high nickel concentration enables formation of angstrom scale
catalytic nickel or nickel alioy particles upon activation. In addition to a high nickel concentration, a
nickel enniched surface region may also include microstructural features that facilitate formation of
angstrom scale catalytic nickel or nickel alloy particies. The annealing induced segregation, for

exariple, roay be accompanted by local changes in phase, structure, crystallinity, grains, interfaces,
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cte. i the surface region that may be conducive to formation of angstrom scale catalytic nickel or
nickel alloy particles during activation. In connection with the materials of the “591 patent, the instant
mventors have demonstrated that angstrom scale catalytic nickel or nickel alloy particles do not form
upon activation of materials that have not been subjected to an anuealing step. Instead of unoxidized
metallic nickel or nickel alioy particles, the surface region of unannealed materials comprises oxidized

nickel in the form of an N

-rich oxide phase.

{8052} The segregation offect observed upon annealing the materials of the "591 patent is
behicved to be enhanced under the mflucnce of microstructure tuning as described for cxample in the
“725 patent.  Inclusion of a microstructure tuning element, for example, may lead to greater
segregation of nickel and a greater local enrichment of nickel concentration n the instant hydrogen
storage alloys relative to the hydrogen storage alloys of the *581 or *719 patents. A local enrichment
of other metals such as Co or a microstructure tuning element tiself may also occur.

16033 Nickel metal hydnde batteries are replacing nickel cadmium batieries i a large number
of applications, owing to environmental concerns and their gencrally improved performance
characteristics. It is to be noted that for purposes of this disclosure the terms “battenies” and “cells”
will be used interchangeably when referring to one electrochemical cell, although the term “battery”
can also refer to a plurality of clectrically nterconnected cells,

[6054] While nickel cadmium batteries are generally inferior to nickel metal hydride batteries in
most regards, they do exhibit superior performance characteristics at ultra-low temperatures (typically
-30°C and below). Consequently, a number of attempts have been implemented in the prior art to
improve the ultra low-temperature performance of nickel metal hydride batieries. These prior art
approaches generally imvelve the modification of the base alloy with one or more muicrostructure
tuning elements that act to favorably tailor the properties of the supporting matrix to provide a higher
concentration of catalytic metallic particles as well as greater accessibility of reactive species to the
catalytic metallic particles. The wicrostructure tuuning olemeonts facilitate an accelerated and directed
preferential corrosion of the support matrix during activation or operation to provide a more porous
and accessible support matrix that also inclades locally enriched concentrations of catalytic metallic
particies distributed throughowut the surface region of the instant hydrogen storage alloys. As the
support matrix becomes more porous and less oxidic, the catalytic metallic particles may become at

least partially self supporting. The microstructure tuming elements include Cu, Fe, Al Zn and Sn. In
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general, the results achieved in the prior art by such approaches were somewhat limited and were
primarily restricted to those metal alloys belonging to the ABs class.

{0055} Presently, there is significant interest n utilizing ARy type alloys in metal hydride battery
systems, due o the fact that AB; type materials, unlike ABs alioy waterials, generally do not
imcorporate significant amounts of expensive rare carth clements.  Furthermore, batterics
wmeorporating Al materials nlilizing hghtweight metals gencrally exhibit high gravimctric storage
capacitics. However, the art has not yet found methods or materials for increasing the ultra low-
temperature performance of AB; type alloy materials. Henee, it will be appreciated that there is a
need in the art for methods and materials which can (1) improve the low-temperature performance of
the general class of ABy type alloy materials; and (2) there is a particular need for methods and
materials which can specifically improve the performance of AB2 type metal hydride alloy materjals
at uitra low-temperatures.

8036} As will be explained hereinbelow, the present inveution s divected 1o ABx type metal
hydride alloy materials which include modifier elements therein which operate to increase the surface
arca and/or catalytic ability of the alloy so as to thereby increase thewr low-temperature
electrochemical performance in rechargeable battery cells. These and other advantages of the

mvention will be apparcut from the drawings, discussion, and deseription which foliow.

SUMMARY OF THE INVENTION
{60571 Dusclosed is a method for improving the low-~temperatare electrochemuical performance of
an AB. (1 <x < 5) type metal hydride alloy which is incorporated into a rechargeable battery. The
method comprises the siep of adding an element to the alloy which clement is operative to increase
the surface area and/or catalytic ability of the alloy. In particular instances, the element increases the
surface arca of the alloy by a factor of grester than 2, and the catalytic ability of the alloy by more
than 280%. In some instances, the element increases the surface area of the alloy by a factor of at least
4; and in particular instances, the clement acts 1o increase both the surface area and the catalytic
activity of the alloy. The element may, i sore instances, be selected from the group cousisting of
Si, Mo, Y, Sn, Sb, and combinations thercof] and in particular instances the clement comprises Si.
The amount of the elerneot s greater thao wero, and typically is at least 4.1 atomic percent, and in

particular instances at least 0.5 atomic percent. In some instances, the element comprises up to 10
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atomic percent of the alloy, and in particular nstances, the amount of the clerneont ranges up to S
atomic percent of the alloy.

[0058] The alloy may comprise an AB; alloy, an ABs alloy, an AzB; alloy, as well as
combinations thereof, In particalar instances, the alloy is an AB» Laves phase alloy. The alloy wmay
comprise a nickel metal hydride alloy and the element may substitute for a portion of the nickel in the
alloy.

3059 In some instances, the additive promotes preferential corrosion and/or other structural
rearrangements and cnables the formation of a particular surface microstructure which comprises
channel or tunnel-like passages having highly catalytic sites disposed thereupon.

[0060] Further disclosed are particular materials made by the method of the present mvention.
These materials may have a uniform bulk composition or they may be composites of two or more
different types of alloys, Also disclosed are battery structures including the alloys and composites of
the present inveution,

{80661 Another aspect of the subject mvention 1s a novel hydrogen storage alloy matenial for a
rechargeable battery, said material comprising a bulk alloy and an interface layer on the exposed
surfaces thereof, said interface layer comprising at east two adjacent regions, each adjacent region of
the interface layer having a morphology which differs from the morphology of at least oue of another
of said at least two regions. In particular instances, the morphologies are selected from the group
consisting o0 a structure without catalyst material, a structure with a catalyst material, a porous
structure with a catalyst material, a porous structure comprising a plurality of interconmected channels
not having a catalytic material disposed in said channcls, and a porous structure comprising a plurality
of interconnected channels having a catalytic material disposed 1n at least a portion of said channels.

[6062] In a further significant invention disclosed herein, we describe a storage material for a
rechargeable battery, said material comprising a mulii-element bulk alloy material with an interface
layer on the exposed surfaces thereof. The bulk alloy has more than one phase and the interface layer
comprises at least two adjacent regions, cach adjacent region of the interface layer has a morphology
and/or chemical composition which differs from the morphology and/or chemical composition of at
least one of another of said at least two regions and cach of the differing regions is associated with

one of the phases of the bulk alloy material.
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BRIEF DESCRIPTION OF THE DRAWINGS

{6063} Figure 1 is a schematic depiction of the microstructure of a hydride material of the prior art;
[0064] Figure 2 1s a schematic depiction of the microstructure of another hydride material of the

prior arg;

6065] Figure 3A is a schematic depiction of the microstructure of a first material of the present
mvention;
{3066] Figure 3B 15 a schematic depiction of another material of the present invention comprising

a plurality of regions of differing microstructure;
16067] Figure 3C is a schematic depiction of yet another material of the present invention

comprising a plurality of regions of differing mmcrostructurc;

j068] Figure 4A is a schematic depiction of a particle of a material of the present invention;
6069] Figure 4B is a schematic depiction of a particle of a conventional metal hydride material;
{6070] Figures SA-5E are schematic depictions of composite wetal hydnde materiale i accord

with the present invention;

{6071} Figure 6 is a graph showing x-ray diffraction data patterns for a group of matenals prepared
in accord with the present invention;

16072] Figure 7 is a graph showing lattice constants and C 14 unit cell volume for the alloys depicted
in Figure 6;

{6073] Figure 8 is a graph of charge transfor resistance gs a function of the content of various
additives in a series of hydride atloy materials;

j6074] Figure 9 is a graph showing double layer capaciiance as a function of additive content for
the materials of Figure 8;

16075] Figure 10 1s a graph of the product of the charge {ransfer resistance and double layer
capacitance of the materials of Figures 8 and 9 demonstrating the catalytic ability thereof; and

{3076} Figurcs 11 and 12 arc Transmission Electron Micrographs showing the structure of two

different portions of the surface oxide layer of a maternial of the present invention.

DETAILED DESCRIFTION OF THE PREFERRED EMBODIMENTS
18077} The present invention is directed to metal hydride alloy materials of the ABx type, and in
some particular instances AB; type metal hydride alioy materials, which manifest improved ultra low-

temperature eloctrochemical properties when incorporated nto metal hydride battery cells. Itis to be
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understood that within the context of this description, the hydrogen storage alloy matenal of the
present invention may be of a single chemical composition which is present in one or more phases, or
the alloy material may be a corposite of two or more differing chemical compositions. The alloys of
the present wmvention include modifier elements therein which countrol their worphology and/or
provide for the improved low-temperature performance. While not wishing to be bound by
speculation, the inventors hereof believe that the modifier elements act to expand the lattice of the
alloy material and/or increase the surface area of the alloy material, and/or enable the formation of
particular surface morphologics. Alternatively, or in addition, the presence of the modificr elerent
increases the catalytic activity of the alloy material in the metal hydride battery cell. In specific
instances, the surface area of the alloy 1s mereased by a factor of more than twotold, and 1n some
instances more than fourfold, and in some particular instances by at least fivefold. The catalytic
activity of the material is increased by more than 20%. While not wishing to be bound by speculation,
it 13 postulated that the merease 1n catalytic activity 19 at least 1o part a result of morphologies resultant
from the lattice expansion and/or the increase in the surface arca of the alloy.

{3078] It has been found that in some instances, materials of the present invention manifest a
microstructure characterized by the presence of a number of tunnel-like channels or wormbholes
therein. These channels have a cross-sectional dimension which is approximately 25-150 angstroms,
and in some instances 50-150 angstroms, and in specific instances approximately 100 angstroms. In
some instances, the channels may be approximately circular in cross-section; while in other instances,
they may be of a more irregular shape, such as an oval shape, or a somewhat flattened shape. For this
reason, their width dimension is characterized as a cross-sectional dimension rather than as being a
diameter. And, it is to be understood that this term is meant to be interpreted inclusively with regard
o circular cross sections as well as more irregular cross-sections.

[0079] These channels commence at the free surface of the alloy material and at least some of
them extend into the bull of the metal alloy. The channels exhibit a three-dimensional stracture
whereby the channels are at least partially interconnected sc as to [orm a network defining @ sponge-
like morphology. Microanalysis indicates that the channels inciude a relatively high density of
catalytic sites disposed upon their walls. These sites are nickel rich and comprise metallic nickel
and/or nickel compounds such as nickel oxides.

{00861 While not wishing to be bound by speculation, the inventors hereof believe that this novel

channel and catalyst siructure 18 responsibie for the high degree of catalvtic activity manifested by the
3’ L) o -
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materials of the present invention. In this regard, the three-dimensional, interconnocted nature of the
channels provides direct cxposurc of the catalyst particles contained therein to a continuous, high
volume flow of elecirolyie and reactive specics contained therein. The channel structure also allows
for the high vohume flow of the electrolyte and reactive species to the bulk metal of the alloy. In this
manner, the activity and efficiency of the catalyst is greatly increased, as compared to prior art
structurcs i which much of the catalvtic matenial is detnimentally shiclded by the oxide component
of the surface interface layer. 1t is also presumed that the configuration and nature of these tunnel-
like catalytic channcls is at least in part responsible for the enhanced low temperature performance of
the alloy materials of the present invention, Under low temperature conditions the electrolyte material
of a batlery system greatly increases in viscosity {and in some instances freezes) and thereby impairs
the mobility of electrochemically active species such as hydrogen, H™, OH and the like, preventing
them from contacting active sites. The high volume clectrolyte flow achieved through the morphology
of the present invention sustains mobility of the active species, which with the enhanced catalytic
activity of the present materials provides for enhanced low-temperature operation.

[081] Prior art materials of the type discussed above may also manifest voids or other such
features which increase the surface area of the material; however, these features are typically in a size
range of 5-20 angstroms, and do not exhibit the three-dimensional interconnected morphology of the
materials of the present invention, and do not manifest the presence of catalytic sites therein. As such,
prior art materials such as those of the “725 palent are in conirast to the larger diameter, tunnel-like,
catalviic channels of the materials of the present invention.

[ 3882} Figarces 1 and 2 are schematic depictions of the surface microstructure of materials of the
prior art, Figure 3A is a schematic depiction of the surface microsiructure of a generalized material
of the present invention, and Figares 3B and 3C are schematic depictions of the surface microstructure
and macrostructure of some waterials of the present wnvention which wclude adjacent regions haviag
differing microstructures.

[0083] Figure I shows a prior art nickel metal hydride material of the type shown in the 5,536,591
patent, which comprises a bulk alloy portion 12 of the nominal material composition. Disposed atop
the bulk alloy portion is a body of surface material which comprises, as a majortty, a mixed body of
oxides 14 of the various metals comprising the bulk 12. The figure shows this oxide body 14 as being
a uniform field; however, it is to be understood that the microstructure of the material may include

regions of varving concentration. Disposed within the oxide body 14 are a nuraber of catalvtic siies
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18 which are generally believed to comprise clusters of a metallic material such as a nickel-based
material. As such, these clusters may comprise elemental nickel and/or nicke! oxides or the like. As
discussed above, this oxide body 1s somewhat permeable o clectrolyie materials; however, even upon
microscopic analysis, no pore or chanuel structure is apparent, and as such, these types of matenials

5%

are considered to have only “threshold porosity.” Hence, their catalytic sites are at least somewhat
shiclded from dircet contact with the clectrolyte material, thereby 1nhibiting catalvtic activity.

{6084} Figure 2 is a schematic depiction of a section of a later generation material of this type, as
for example matenial shown in US, Patent 6,830,725, Ag in Figure 1, the material inchades a bulk
alloy portion 12 as well as a surface oxide portion 14. It will be noted that the oxide portion 14, also
mcludes a number of pores or voids 16 therein. These voids greatly mcerease the surface arca of the
oxide portion 14. The voids 16 of the Figure 2 material communicate, in some instances, with the top
surface of the oxide body [4; however thoy are relatively linear structures and in that regard can be
considered to have an essentially two-dimensional macrostructure. Disposed within the oxide body
14 of the Figure 2 material are a number of catalytic sites 18, which are generally similar to those
previously described. As will be seen {rom Figure 2, the elongated, two-dimensional voids 16 of the
Figure 2 material tend to comununicate, at least to some degree, with the catalytic sites 18, and it is
belioved that they thus allow for betier access of the catalytic sifes to reactive species such as
hydrogen, hydrogen ions, and hydroxyl ions as compared to the Figure 1 material.

[0085] Referring now to Figure 3A, there s shown a corresponding schematic depiction of a
material of the present invention. As in Figures 1 and 2, the material includes a bulk alloy portion 12
and an oxide body 14 disposed upon an outer surface thereof. However, the material of Figure 3A
imcludes a series of catalytically active channels (also referred to as “tanuels” or “wormholes”) defined
through the surface oxide body 14, These channels 20 are, at least 1o some degree, in communication
with one another and form a network defining a three-dimensional macrostructure which
communicates with an exterior surface of the material and with the bulk metal alloy. The channels
20 of Figure 3A are generally of a greater cross-sectional dimension than are the voids of the prior art
material of 2; furthermore, the catalytically active sites I8 are disposed, at least in part, on the interior
walls of the channels 20. In particular aspects of the present invention, the catalytic sttes 18 are much
smalier than those of the prior art. In this regard, the catalytic sites may range n size from Sto 15
Angstroms, and in some particular instances thoy will be smaller than 10 Angstroms, The presence

of such small catalytic sives 1s not shown or suggesied 1o the prior art, and 18 beheved to be at least
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part responsibie for the high degree of catalytic getivity manifested by the materials of the present
invention,

{8086] The threc-dimensional morphology of the material of Figure 3A allows for greatly
enhanced access ol reactive species Lo the calalylic siles and to the bulk of the alioy thereby enhancing
and facilitating electrochemical reactions so as to enhance the performance, and particularly the low
temperature porformance, of the alloy material, In this way, the channcls 20 and catalytic sites 18
cooperate and interact synergistically to define macrocatalytic sites which enhance the performance,
and particularly the low temperature performance, of the material,

{8087] In some instances, the catalytically active channels are unitormly dispersed across the
cntire surface of the alloy material. 1 is significant that in other embodiments of the invention, the
channel features are present in spaced apart regions of the material and as such can be considered to
be discrete macrocatalytic sites which function as activation centers which enhance the properties of
the rernainder of the alloy such as its low temperature operation or us discharge rate. Whie not
wishing to be bound by speculation, the inventors hereof believe that the presence of such discrete,
spaced apart sites of differing surface morphology may be the result of the presence of regions of
differing structure and/or composition in the bulk of the materials of the present invention. For
example the matenal may comprise a first number of regions of a highly channeled AB; material
interspersed with regions of a non-chaunneled or lesser channeled material such as an ABs material. In
other instances the differing regions may be ditferent phases of a Laves phase material. In some
instances the degree of crystailinity of the regions may differ. For example some of the regions may
be crystalline or microcrystalline, while the others may be amorphous.  Such structural and/or
compositional differences will produce different surface morphologies upon activation. Matenals
cembodying this particular aspect of the present invention stand in further contrast to materials of the
prior art, such as those of the *725 patent, wherein the surface morphology of the alloy and its mterface
fayer is essentially homogeneous thereacross.

{0088 The inventors hereof note that analyses of the alloys of the prior art, such as the alloys of
the 725 patent and the other patents discussed above, shows that the surfaces of such alloys are
hormogencous with regard 1o their microstructure, That 1s to say, any one region of the surtace ot prior
art alloys is essentially identical to any other region with regard o the presence of pores, channels,
catalytic sites, and the like. The only way in which discrete areas of differing morphologies could

possibly be created mn the prior art would be by some type of differential treatment protocol involving
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patierning, masking, or the like; and the mventors hereol are not aware of any such treatments being
shown or discussed in the prior art. While not wishing to be bound by speculation, the inventors
hercof beliove that the prosence of the modificr clemoents can foster the ercation of different phascs in
the material, These phases differ in composition and/or structure, and when they are exposed o
activating conditions they form regions having different surface morphologies. Hence, in the
materials of the present nvention some regions of the surface interface layer may have a three-
dimensional highly catalytic channel morphology, while other regions may be pore free or they may
have a threshold porosily or they may have a two-dimensional pore morphology. Some of the
aforedescribed macrocatalytic sites may, as a result of highly enhanced electrochemical activity, act
as localized heating sites which function to mitiate the clectrochemical activity of the bulk of the
material and/or maintain fhudity of the electrolyte thereby eshancing the low temperature
performance of the bulk of the alloy.
[008Y] Referring vow to Figure 3B, there is shown a schematic depiction of the micro and
macrostructure of an alloy material of the present imvention which inchudes regions having a different
microstructure, in particular of the surface interface layer. As will be seen, the material includes a
first region 17 which has a surface mterface layer having a morphology generally similar to that
described with regard to Figure 3A. As in Figure 34, this surface intorface layer is formed upon a
body of bulk material 12 and includes a plurality of three-dimensionally structured catalytic channels
20 having catalytic sites 18 defined thercupon, As in the Figure 3A embodiment, the bulk oxide
material 14 may also inchude some catalytic sites 18 defined therein in particular instances. Adjacent
to the first region 17 is a second region 19 comprising a body of oxide material 14' formed upon a
body of bulk alloy material 12'. As noted above, the composition of the bulk alloy 12710 this second
egion and/or its crystalline structure will differ from that of the bulk alloy 12 in the first region 17.
As a consequence of these differences, the morphology of the surface oxide layer 14" in the second
region 19 will differ from that morphology of the surface oxide layer 14 mn the first region 17. Aswill
be seen from the figure, the body of oxide 147 in the second region 19 does not inchude any channels.
However, while not manifesting any discrete voids it may have threshold porosity. Also, the material
1% does not include any discrete catalytic sites, such as the sites 18 in the prior figures; although o
may include some catalytic material such as nickel dispersed therein, As discussed above, applicauts
believe that the differences in morphologies are attributable to differing behaviors of the two regions

when they are exposed 1o activating conditions.  As discussed above, the highly channeled
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catalytically active high surface arca portions 17 can function as macrocatalytic sites which enhance
the properties, such as the low temperature properties, of the entire bulk alloy.

{8050} Yet other morphologies are possible within the scope of the present invention; and Figure
3C is a schematic depiction of the morphology of an alloy material of the present invention which
includes four separate regions 13, 15, 17, and 19, In the Figure 3C embodiment, the first rogion 13 is
formed upon a body of bulk alloy material 12a and has a surface morphology generally similar to that
of Figure | insofar as it includes a body of bulk surface oxide material 14a having catalytic sites 1§,
as previously described, formed therein. Adjacent thereto is a second region 15 formed upon a body
of bulk alloy material 12b, and this second region comprises a surface oxide 14b which is generally
similar to the surface oxide of Figure 2 and m that regard mcludes a mumber of relatively small,
elongated channels having a two-dimensional geometry formed therein, together with a number of
catalytic sites 18 which, in some instances, may comnmunicate with the channels 16b.

16091 The material of Figurs 30 1nclades a third region 17 formed upon a hody of bulk alloy
material 12¢ having a surface oxide layer 14c formed thereupon and having a microstructure generaily
similar to that shown in Figure 3A. The surface oxide layer 14c of the third region 17 may, as in the
previous embodiments, also include some catalytic sites 18 in the bulk thereof. The material further
meludes a fourth region 19 formed upon a bulk alloy material 124 and further includes a fourth body
of oxide material 14d formed thereupon. The oxide layer of this region is of a configuration generally
similar to that shown in Figure 3B and does not include any discrete catalytic sites or pores therein.
{30821 As in the Figure 3B embodiment, the bulk alloy material portions 12a-12d will differ with
regard to chemical composition and/or crystalline structure and hence will operate to form different
surface oxide fayers, While Figure 3C shows an alioy material of the present invention including four
different adjacent regions disposed in a particular order, it is to be understood that this structure 18
Hhusirative. Materials of the present invention may include a greater or lesser number of separate
regions, and the ordering of those regions may likewise differ. It 1s a significant feature of the present
imvention that it provides for the capability of tailoring a material to include regions with very different
structurcs and propertics which thereby allows for the overall property of the material to be tunced to
achieve particular performance characteristics, For example, an alloy material of the present invention
may be configured to include a nuraber of sites which foster low temperature performance together
with a number of sites which provide for a high discharge capacity and/or a number of sites which

provide for a high density of power storage.
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{0093 In some mstances, principles of the present mvention may also be used to fabricate
composites of a highly channeled, macrocatalytic alloy material dispersed in the bulk of a metal
hydride material which may be of the same base composttion as the highly channeled material or ray
be of a different composition. Such cmbodiments are also within the scope of this tnvention, For
example, the principles of the present invention may be employed to prepare a highly channeled body
of an AB; vuetal hydride matenial which in tumn is dispersed throughout the bulk of an AB, matenal
such as an ABs material or another AB; material.

10094 Referrmg now to Figure 4A, there 15 shown a schematic depiction of a particle 24 ot a
highly channeled macrocatalytic material of the present invention which, as described with reference
to Figure 3A, includes a bulk portion 12 and an external surface 26 which includes the catalytically
active channels defined thersin. As described herein, these channpels can be formed by treating the
material with an etching agent such as an alkaline material. Figure 4B shows a particle 28 of a
secondary material 28 which comprises 4 bulk alloy portion 12 which may be of the same, or different,
composition as the bulk alloy portion of the material of Figure 4A. As described above, the bulk alloy
portion 12 will have a surface layer 30, typically of an oxide material, m accord with the prior art.
{0095] The particles 24 and 28 of Figures 4A and 48 respectively may be then combined to form
a bulk material, the properties of which may be controlied by controlling the relative proportions of
the two particles. In this regard, highly catalytic materials having good low-temperature performance
characteristics may be mixed with less active matenials having good bulk storage capacity so as to
optimize the low temperature per(ormance and efficiency,

[0096] The particles may, in some instances, be simply mixed together physically so as to provide
the bulk matenal as s shown in Figure 5A. In other instances, the mixiure may be at least partially
sintered as shown in Figure 5B. In yet other instances, mechanical alloying processes such as ball
milling, impact willing, attritor milling, and the hike may be utilized to at least partially alioy the
particles mechanically. In yet other instances, plasma spraying technigues may be employved to
produce a composite material as shown in Figure 5C. In this regard, particles of a first one of the
materials may be plasma sprayed onto particies of the second one of the materials; or in a variation of
the process, a plasma spray of one material may be impacted with a plasma spray of another so as to
produce a composite. In vet other wstances, a process such as electroplating or electroless plating
may be employed to deposit a layer of the active material of the present invention atop a body of

conventional prior art material 50 as to at least partially coat that body aund provide it with catalytically
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active surfaces, In yet another approach as is shown in Figure 3E, a composite may be prepared by
melting one of the components and dispersing the other thersin. For example, if the conventional
hydride material 28 has a melting point which 1s lower than the melting poimnt of the material of the
present vention, that material may be added to the molten body of conventional material so as to
produce a composite.

H097] While the foregoing description of the present invention was primarily directed to battery
systems, the fact that the methods described herein can produce a catalytic material having very small
sized catalytic sites is of significance with regard to catalytic materials in general, Materials of the
present invention may be regarded as catalytic compositions comprising a matrix having a catalytic
nickel material (such as elemental nickel or nickel alloys) supported thereupon.  As described
hereinabove, the catalvtic nickel material is present in the form of particles having a size in the range
of 1-15 angstroms, such as a size in the range of 7-12 angsiroms, and in particular instances a size of
<14 angstrorns. Catalysts based upon such very small sized particles wore not known in the prior art.
Such catalysts of the present invention are very active and may be used in a variety of electrochemical
and chermcal processes; for example as hydrogenation or reduction catalysts,

HI08R] The matrix material of such catalysts may comprise the nickel metal hydride alloy and/or
the surface mterface layer formed thereupon, and m that regard particles, such as particles 24 of Figure
4A may be used as catalysts. In other embodiments, the matrix material may comprise a secondary
material such as carbon. In such instances, a nickel-site rich material of the present invention may be
mixed in with a sccondary matcrial to form a catalytic composition. In a specific instance a hydrogen
storage alloy will be prepared to include the catalytically active channels of the present invention, and
this material will then be pulverized and mixed with the secondary matriz material, In other variations
of this process, a layer of a metal hydride material may first be deposited onto a support, such as
activated carbon, and then treated to form catalytic channels,

{8999] in view of the teaching presented herein, yet other methods and techniques for fabricating
composites which incorporate materials of the present invention will be readily apparent to those of
skill in the art.  ln any instance, activation of the material of the prescat mvention o form the
catalytically active channels may take place cither before or after they are incorporated into
composites or catalysts with further materials,

{8109] There are a number of modifier elements which may be used in the practice of the present

mvention, and it 1s generally believed that the modifier elements operate to promote the formation of
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the catalytic channels by fostering preferential corrosion of the oxide in a pattern corresponding to the
channels. The most effective modifier elements will manifest relatively high solubilities in the
atkaline clectrolyte of the metal hydride battery. The typical metal hydride battery elecirolyte has a
pH of approximately 15, and a typical solubility of the oxidation product of a modifier element of the
present invention in such clectrolyies will be at feast Ix10° M. For cxample, such quantitics for
Si0s*, HsVa0O7, HMoO", SnGy, and SbOs-, are 9.1x10°, 1.3x1012, 5.0x10Y, 2.0x10°, 1.7x10M,
respectively. It is further belicved that highly effective modifier clements also tend to preduce
wmouovalent 1ons in solution. One particular modifier element having utility in the present invention
comprises silicon, Some other modifier clements will include Mo, Y, Sn, and Sb. Choice of modifier
element will depend at least in part on the composition of the specific alloy being utilized and/ or the
composition of the electrolyte. While some particular modifier elements are discussed herein, yet
other modifier elements will be readily apparent to those of skill in the art in view of the teaching
presented herein regarding solubility properties and the operation of the modifiers.

{9161} Also, i 18 to be understood that the modifier elements may be used singly or m
combination, and particular alloy materials may include one or more modifier elements, Typically,
the modifier elements are present in relatively small amounts in the alloys. In particular instances, the
modifier element or elements are present o amounts of at least 8.1 atomic percent and will conprise
no more than 10 atomic percent of the alloy material, and in some specific instances will comprise no
more than S atomic percent of the alloy.

[6162] While not wishing to be bound by speculation, it is believed that the modifier elements
may substiuic for one or more of the clements of the basic ABy alloy matenal and, in particular, for
the B element of the alloy. For example, in nickel-based materials, it is believed that modifier element
silicon, which has an electronegativity of 1.90, which is sirntlar to that of nickel (1.91), can substitute
for nickel at the B sile n the alloy. The metallic radius of silicon {1,669 angsiroms) in alloys of this
type i1s between that of Ti (1.614 angstroms) and Zr (1.771 angstroms}, and much larger than those of

77
i

common B-site elemwents such as Ni (1.377 angstroms), Co (1.385 angstroms}, Cr {1.423 angstroms),
Mn (1.42¥ angstroms}, and V {1.491 angstroms) which also may allow it to substitute at the A site,
Stmilar relationships will be found to hold for other particular modifier clements as detailed above,
and one of skill in the art could readily select appropriate modifier elements for a particular alloy

material.
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[0103] Some typical alloys of the present invention include nickel together with other materials
including one or more of titanium, zirconiom, vanadium, chromium, cobalt, and aluminum together
with modifier elements which may include silicon, tin, molybdenum, vitrium, and antimony. Such
materials may comprise AB alloys and may be single phase or muliiphase alloys. Such alloys may

also mclude ABs alloys as well as AzB7 alloys.

EXPERIMENTAL

{3164] A series of five AR metal hydnde alloys were prepared and evaluated 1o connection with
an experimental series iHlustrating the principles of the present invention. The alloys were of the basic
type: T2 sVieCrysMung 1Cs oNin 2 SLSne s Alg.. wherein X is in the range of 0 to 4. In these alloys,
the St substitutes for the Ni and in that regard occupies lattice sites otherwise occupied by the Ni. The
materials were prepared by an arc melting process as is known in the art. Melting was performed
under a continuous argou flow using a non-consumable tungsten electrode and 4 water cooled copper
tray. Before each run, a piece of sacrificial titanmum underwent a mumber of melt/coo! cycles so as o
reduce residual oxygen concentration b the system. The chemical composition of the thus prepared
alloy samples was determined using a Varian Liberty 100 inductively coupled plasma optical emission
spectrometer (ICP-OES) tn accord with principles known in the art, Microstructure of the alloys was
studied utilizing a Philips X Pert Pro x-ray diffractometer and a JEGL-JSMO3Z20F scanning electron
microscope with energy dispersive spectroscopy (EDS) capability. The gaseous phase hydrogen
storage characteristics of each sample were measured using a Suzuki-Shokan multi-channel pressure-
concentration-temperature (PCT) system, In the PCT analysis cach sample was first activated by a 2
hour thermal cycle ranging between 300°C and roova temperatare at 25 atm H; pressure, The PCT
isotherms at 30°C and 60°C were then measured. AC impedance measurements were conducted using
a Solartron 1230 frequency response analyzer with 4 sine wave of amplitude 10 mV and frequency
range of 10 MHz to 10 kHz. Prior to measurements the olectrodes were subjected to one full
charge/discharge cycle at a 0.1 C rate using a Solartron 1470 cell test galvanostat, discharged to 80%
state of charge and then cooled to —40°C,

[8165] Table 1 below provides compositional data for the five alloy samples prepared in accord
with the foregoimng, The table lists the design composition as well as actual composition as measured

by 1CP.
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[0166] K-ray diftfraction pattorns {or the five alloys are shown in Figure 6. All of the major peaks
can be fitted into a hexagonal Cl4 (MgZno) structure. The peak at around 41.5° corresponds to a
B2-structured TiNi secondary phase which 1s a precursor of further solid-state transformation mto
Zr N, secondary phases. As will be seen from Figure 1, the TiNi phase is more prominent in the
Si-containing alloys. The lattice contents of the C14 structure, a and ¢, calculated from the x-ray

ditfraction patterus are hsted m Table 2 and are plotled 1n Figure 7 as a function of silicon content.
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As the amount of silicon increases, both a and ¢ increase due to the larger atomic radius of 31 compared
to that of the substituted-for Ni, and this is an jndication of the fact that St occupies the B-site in the
crysialline structure of the alloy at least in part. However, it will be noted that the lattice constant ¢
of the lngher concentration Si4 alloy does not follow this increasing trend. While not wishing to be
bound by speculation, Applicant concludes that as the Si content of the alloys increases, some Si may
statt to occupy the A-stte and reduce the lattice size of the alloy slightly. The C14 unit cell volume of
cach alloy was calculated from the lattice constants and 1s also listed in Table 2 and plotted in Figure
7. As will be noted from this data, as the S1 content of the alloys varies, the a/c aspect ratio does not
change; therefore, such alloys will not demonstrate any adverse effects from the presence of 81 on
pulverization during cycling.

{6167] The crystallite size of each alloy was estimated by use of the Scherrer equation and is
listed in Table 2. ¥ will be noted that the crystallite sizes of the Si-containing alloys are similar to,
and smaller than, that of the Si-free alloy, and this may be due to an increase in the density of the TNt
sccondary phase. Table 2 alse lists the phase abundances of the alloys. As will be scen, the addition
of St to the alloy formulation increases the 15 phase abundance slightly. While both phases are
capable of storing large amounts of hydrogen, the one with the weaker hydrogen-metal bond strength
{AB;.; with a relatively lower V content and C15 structure) will act as a catalyst phase while the other
will act as the main storage phase. These phases act in synergy during hydrogen absorption/desorption
as is reflected by the HRD performance of these alloys.

{B10R] The discharge capacity of each of the alloys was measured in a flooded-cell configuration
against the partially pre-charged Ni (OH) positive cloctrode. No alkaline pretreatment was applicd
before the hall~cell rueasurement. Each sample electrode was charged at a constant current deusity of
50 mAg! for 10 hours and then discharged at a current density of 50 mAg™ followed by two pulls at
12 and 4 mAg™. It was found that within three cycles all alloys reached stabilized capacities, and it
was found that there is a boost in capacity when 5t 18 added to the alloys at lower levels. Capacities
eventually decrease as silicon content increases. It is believed that the capacity boost resultant from
incorporation of approximately | to 3 atomic percent silicon in the alloys is a result of an increase in
the surface area of the alloys upon activation, which makes the storage phase in the alloy more
accessible by eliminating the funneling effect. The mcrease m surface area s believed o be a result
of the fact that silicon and its oxides have a greater solubility in the electrolyte than do the other

components of the alloy.
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18169] The temperature characlenistics of the alloys were evaluated through the use of AC
impedance measurements conducted at -40°C. Figure § is a Cole~-Cole plot showing the charge
transfer resistance of alloy materials as a function of additive content. Iu this plot, ABs materials are
considered the benchmark, As will be seen, addition of a silicon additive reduces charge transfer
resistance by a factor of at least 5. Figure 9 is a graph showing the double layer capacitance of the
alloys as a function of additive content, and 1t will be seen that double layer capacitance increases by
at least a factor of 3 as a result of silicon addition; and as 18 understood, this increase is proportional
to the reactive surface arca of the alloy materials which, as discussed above, is believed to be a result
of an nercase in surface arca atfributable to the solubility of the silicon,

{B110] Figure 10 is a graph depicting the product of charge transfer resistance and double layer
capacitance as a function of addutive content, and as such summarizes the data of Figures 8 and 9. As
will be seen from Figure 10, inclusion of the silicon additive increases the catalytic activity of the
alloy with regard to electrochemical activity by a tactor of more than 20%. The mmcrease in catalytic
activity and/or the increase i surface area of the alloy as a result of the inchusion of the modifier
greatly enhances the performance of the alloy particularly at low-tomperature conditions.

HURR Y The rmucrostructure of the alloys of the present invention was also verified by
Transmission Electron Microscopy (TEM}, as is shown in Figures 11 and 12, The analysis was carried
out on silicon modified alloys of the type described above and showed that two different types of
surface oxide were present. Figure 11 is a TEM micrograph taken from the oxide region between two
TiNi secondary phase grains. Figure 11 shows the three dimensional, interconnected structure of the
channels, which are formed in the surface inlerface layer which is primarily based on oxides of Zr and
Ti. Figure 11 also clearly shows the Ni metallic nanoparticles lining the channels. The other type of
oxide can be scen from Figure 12, which 1s a TEM rmicrograph taken on the surfacc of a TiNt phase.
This figure shows the surface oxide to be composed of metallic Ni inclusions (bright lattice image),
voids (dark region), and oxide from other elewents {grey region). The Ni tuclusions found here can
be as small as 15-25 angstron.

f8112] While the foregoing experimental series was directed to a particular family of alloys and
o use of a particular modifier, namely silicon, it is to be understood that 1o view of the teaching
presented herein, one of skill in the art could readily select other modifier cloments based upon their
solubility 1 clectrolyte sysicrus and their abilily to substitute for coraponents of a particular alloy

system, so as to achicve the benefits of the prosent invention.
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[6113] o view ol the foregoing, it 1s to be undersiood that other modifications and variations of
the present invention may be implemented. The foregoing drawings, discussion, and description are
iltustrative of some speeific embodiments of the mvention but arc not meant to be lirmitations upon
the pracuce thereof. 1t s the following claims, including all equivalents, which define the scope of

the invention.
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CLAIMS

i. A hydrogen storage alloy material having a bulk region and an interface region, said
mterface region having a plurality of catalytic channels defined therethrough, said channels having a
cross-sectional dimension in the range of 25-250 augstroms, such as a range of 25-150 angstroms, and
a length which is greater than said cross-sectional dimension, said channels including a plurality
catalytic sites defined thereupon, said sites having a concentration of nickel which is greater than the
concentration of nickel in the remainder of said alloy; wherein the volume fraction of said channels
in said interface region is greater than 5%.

2. A hydrogen storage material having a bulk region and an interface oxide region, said
interface region comprising metallic catalytic particles supported by a support matrix and voids, said
metallic catalytic particles and said voids being disiributed throughout at least one portion of the
mterface region, saxd volume fraction of voids 1o said 1oterface region being greater than 5% and sead
voids being elongated channels having a cross-sectional dimension of greater than 20 angstroms and

a length greater than said cross-sectioual dimension,

3. A hydrogen storage material for an electrochemical cell, said material comprising a
bulk region which is a metal and an interface oxide layer comprising at least two distinct regions, each
distinet region of the interface layer having a morphology which differs from the morphology of at
feast one of another of said at least two regions; wherein said morphologies are selected from the
group consisting of! a structure without catalyst material, a structure with a catalyst material, a porous
structure with a catalyst material, a porous structure comprising a plurality of interconnected channels
not having a catalytic material disposed in said channels, and a porous structure comprising a plurality

of interconnected channels having a catalytic material disposed in at least a portion of said channels,

4. The material of claim 3, wherein the chemical composition and/or erystalline state of
one of said at least two regions differs from the chemical composition and/or crystalline state of at

least one of another of said at least two regions.

3. A hydrogen storage material for use as anode in an clectrochemical cell which also

contains a cathode and au electrolyte, said hydrogen storage material baving a bulk region and an
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interface oxide region with channels distributed therein, said chanuels having interior surfaces; said
inierface region characterized by the presencee of metallic, catalytic particles formed on said channel
surfaces and said hydrogen storage material characterized by low charge transfer resistance at cold
temperature: wherein at least some of the catalyvtic nickel particles on said channel surfaces are directly
exposed to said electrolyte interiorly of said channels, whereby the clectrolyte reacts on the surface of
the catalyst as though no oxide ntcrface was present.

6. The material of any one of claims -5, wherein the bulk region is comprised of an ABs

{1 <x <5} type metal hydride alloy material,

7. The material of any one of claius 1-6, wherein the bulk region is comprised of at least

two different phases, cach being an AB, (1 <x < 5) type metal hydride alioy material.

s The material of any one of claims 1-7, wherein said oxide region forms a matrix portion
with said catalytic channels portions disposed in spaced relationship therein, said channels portions

having a concentration of said catalytic channels defined therein.

9. The material of claim &, wherein the composition of the matrix portion of said material

dilfers tfrom the composition of said channel portions thereol.

10, A catalyst powder, comprising:
a support matrix characterized by the presence of metallic catalytic nickel and/or nickel alloy
particles having an average particle size of 5-15 angstroms, such as an average particle size of 7-12

angstroms, distributed therethrough,

11, A catalyst powder as 1n claim 10, wherein the proximity between adjacent particles is

about 300 angstroms,

2. A catalyst powder as in clammn 10 or claim 11, wherem said malrix comprises at least
one clement selected from the group consisting of Ni, Co, Mn, Ti, Zx, Fe, rare carth clements, and/ or

one or more oxides thereof .
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I

13, A catalyst powder as in any one of claims 10-12, wherein the powder is formed of a

hydrogen storage material,

14, A method for improving the low-tcmperature clectrochemical performance of an AB«
(1 < x < 5) type metal hydnde alloy mcorporated into a rechargeable battery cell, said method
comprising:

adding an element selected from the group consisting oft 81, Mo, Y, Sn, 3b, and combinations
thereof to said alloy which clement is operative 101 increase the surface area of said alloy by a factor
of more than 2, such as a factor of at least 4; and/or, the catalytic ability of said alloy by more than

20%.

is. The method of claim 14, wherein said element comprises Si.
16, The method of claim 14 or claim 15, wherein said alloy is an AB» Laves phase alloy,
17. The method any one of claims 14-16, wherein said metal hydride alloy includes nickel

and said element substitutes for a portion of the nicke! in said nickel metal hydride alloy.

18. The method of any one of claims 14-17, wherein said element is present in an amount
greater than zero and ranging up to 10 atomic percent, such as amount of greater than zero ranging up

10 5 atoruic percent.

19, A rechargeable clectrochomical cell having a nickel cathode, a soparator, an
electrolyte, and an anode, said anode comprising an ABx {1 <x <5)type metal hydride alloy material,
said ccll characterized by improved low temperature clectrochemical performance, the improvement
comprising:

the addition of an element to said alloy, said clement: (1) operative o increase the surface arca
and/or catalytic ability of said alloy and (31) selected from the group counsisting oft 81, Mo, Y, Sn, 3b,

and combinations thereof, and wherein said element increases the surface area of said alloy by a factor
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of more than 2 and/or the catalytic activity of said alloy by more than 20%, as compared to the surface

area and/or catalytic activity of said alloy without the addition of said element.

3

0. The cell of claim 19, wherein said alloy comprises: T4, Zr, V, Cr, Mn, Co, Ni, 5i, Sn,

and Al

21, The cell of claim 19, wherein said alloy comprises on an alomic percentage basis:

Ti12Zr21.5V10Cr7 sMng 1Co8 oNi32 2481800 3Al 4 wherein x 18 greater than 0 and less than or equal to 4.

22, A method for making a composite AB, (1 < x <35) type metal hydride material, said
material comprising a first, matrix portion and a plurality of second, channel portions disposed in
spaced apart relationship in said matrix portion, said channel portions having a concentration of
catalytic channcls defined thercin, said channels having a cross-sectional dimucusion in the range of
25-250 angstroms, such as a range of 25-150 angstroms, and a length which is greater than the cross-
sectional diruension of said channels, said chaonels having catalytic sties defined thereupon, said
method comprising the steps of:

providing a first, AB, matrix matenal;

providing a second, ABx metal hydride material, said second material including an additive
clement selected from the group consisting of St, Mo, Y. Sn, b, and combinations thereof, said
clement being operative to increase the elecirochemically active surface area of said second material
by a factor ot more than 2, and/or the catalytic ability of satd second material by more than 20%;

activating said second material; and

dispersing said second material in said first material so as to provide said composite material,
bl

23 A hydrogen storage material having a bulk region and an interface oxide region, said
oxide region including metallic catalytic nickel particles having an average particle size of 5-15
angstroms, such as an average particle size of 7-12 angstroms, wherein said particles are distributed

throughout the oxide,

24, A hydrogen storage material as in claim 23, wherein said nickel particles are comprised

of one or more nickel alloys.
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25, A hydrogen storage material as in claim 23 or claim 24, whercin said mterface oxide

region further includes channels having a cross-sectional dimension greater than 20 angstroms.

26,  Ahydrogen storage material as in claim 25, wherein said channels have a length greater

than thew cross-sectional dimenston,

27, A hvdrogen storage material as in any one of claims 23-26, wherein at least a portion

of the nickel particles extend into and/or are supported in the interior of said channels.
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Abstract

The performance of an ABx type metal hydride alloy is improved by adding an
element to the alloy which element is operative to enhance the surface area
morphology of the alloy. The alloy may include surface regions of differing

morphologies.
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FIG. 12
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