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A HYDROGEN STORAGE ALLOY AND NEGATIVE
ELECTRODE AND NI-METAL HYDRIDE BATTERY EMPLOYING SAME

CROSS-REFERENCE TO RELATED APPLICATIONS
0001} This application claims priority of US. Patent Application 13/694,299 filed

November 16, 2012, the contents of which are incorporated herein by reference.

FIELD OF THE INVENTION

{6002] The present invention relates generally to Ni-metal hydride batteries and
more specifically to the negative electrodes thercof, Most specifically, this invention
relates to a hydrogen storage material for use in the negative clectrodes of a Ni-metal
hydride battery., The alloys have electrochemical capacitics which are higher than
predicted by their gaseous capacities at 2 MPa of pressure. The hydrogen storage alloy
may be seclected from alloys of the group consisting of A2B, AB, AB2, ABs, AzB7, ABs
and ABs.

BACKGROUND OF THE INVENTION
{6063 Recent increases in rare carth metal prices have put the nickel/metal hydride
(Ni/MH) battery industry in an cconomically disadvantageous position compared with
rival battery technologies. Transition metal-based AB» alloys are a potential candidate to
replace the rare carth-based ABs metal hydride (MH) alloys used for the negative
electrode n NyYMH batteries. Unfortunately, up to now, AB; MH alloys have had lower
high-rate dischargeability (HRD) than ABs and AxB-; alloys, which have higher B/A
ratios and consequently higher deusities of metallic inclusions embedded in the surface
oxide. Therefore, AB2 MH alloys have not been suitable for applications requiring very
high power densities (> 2000 Wikg), such as hybnid electric vehicles, The reason for the
lower B/A ratio in Tt and Zr-based AB; MH alloys is the relatively weak proton
alfinitics of Ti (heat of hydride formation (AH, = —123.8 ki/mol Ho} and Zx (TAH, =
-162.8 kl/mol Ho) compared to that of La (A = -209.2 kJ/mol Hy). Thus, smaller
arnounts of B elements are needed to lower the Affy of the alloy to a range that 1s suitable
for room temperature Ni/MH application (-30 to —45 kl/mol}). In order to increase the
HRD of Ti and Zr-based MH alloys, alloys with higher B/A ratios arc of great interest,
such as TiN and ZrNis. While the bydrogen storage characteristics of TiNiy have not

1
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been reported, the reported storage capacity of ZrNis is only about 0.15 wt%
(ZrNisHo 573, 0.19 wt.% (ZrNisHg 72}, and 0.22 wt.% (ZrNi5HO0.86) at 2.0 MPa, 10 MPa,
and 0.9 GPa Hj pressure respectively. Unfortunately, the unit cell of ZxNis 15 too small
to accommodate larger amounts of hydrogen storage. Substitutions with larger elements
such as La (in the A-site) and Al (in the B-site) were imvestigated proviously by
electrochemical charging and the storage capacities were still very low: 0.80151 wt.%
{(ZrosLagoNisHoess) and 0.0013 wt.% (ZrNissAle2Hooos). By incorporating an additional
AB; phase, Co-substituted ZeNi$ alloy showed a substantial improvement in hydrogen
storage capacity (0.34 wt.%, ZrNi2Cos3Hi31). However, this capacity is still too low to be
considered for the negative electrode in Ni/MH battery applications. Other clements that
have been used to substitute Ni in ZrNis included Sb, Bi, Al + Li, In, Sn, In + As, In +
Bi, Zn+ Te, Cd + Te, and Zn, but the hydrogen storage capacities were not disclosed.
[6064] Vapadimm has been regarded as a hydride forming element in the
development of multi-phase disordered AB; MH alloys, The contribution of V {0 the
hydrogen storage properties of AB; MH alloys was reported previously and can be
summarized as follows. Vanadium increases the maximum hydrogen storage capacity of
the alloy, but the reversible hydrogen storage capacity decreases due to the increase in
hydrogen-metal bond strength,  In another effort to improve the storage capacity of
ZriNiyg MH alloy, V was chosen to be the first modifying element, and the results were
very promising: the full electrochemical capacity increased from 204 mAl/g in
Tii5Zrs.sMNirp to 359 mAb/g i T sdrssVasNigs,

[B065] Thus there is a need in the art for a metal hydride storage alloy for the
negative electrodes of Nv/MH batteries that does not contain significant guantities of rare
earth elements and still has useful high-rate dischargeability (HRI3} and reasonable

storage capacity.

SUMMARY OF THE INVENTION
{6006 The present 1ovention 18 a hydrogen storage alloy which has a higher
clectrochemical hydrogen storage capacity than that predicted by the alloy’s gascous
hydrogen storage capacity at 2 MPa.  The hydrogen storage alloy may bave an
electrochemical hydrogen storage capacity 5 to 15 times higher than that predicted by the

maximum gaseous phase hydrogen storage capacity thercot, The hydrogen storage alloy

~
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may be selected from alloys of the group consisting of AxB, AB, ABq, AB3, AxBy, ABs
and ABs. The hydrogen storage alloy may be elected from the group consisting oft a)
Zr{VNigsw ) wherein § < x <0.5; and b) Zr{VNizs«); wherein O < x < 0.9, When the
hydrogen storage alloy has the formula: Zr(ViNisss), x may be: 0.1 £x <05, 0.1 <x <
5 0.3: 0.3 <x<0.502<x<04, Also, x may be any of 0.1; 0.2, 0.3; 0.4; or 0.5.

{6807] The hydrogen storage alloy may further include one or more clements
sclected from the group consisting Mn, Al, Co, and Sn in an amount sufficient enough to
enhance one or both of the discharge capacity and the surface exchange current deusity
versus the base alloy.

10 [6008] When the hydrogen storage alloy has the formula: Zr(V,yMNiasy), it may have
one or more properties such as: 1) a bulk proton diffusion cocfficient greater than 4 x
1071% cm? & 75 2) a high rate dischargeability of at least 75%; 3) an open circuit voliage
of at least 1.25 volts; and an exchange current of at least 24 mA g ™.

[6009] The present invention further includes a negative electrode for a Ni-metal

—
A

hydride battery formed using the inventive alloys and a Ni-metal hydnide battery formed

using said electrode,

BRIEF DESCRIPTION OF THE FIGURES
160106} Fig. 1 is a plot of the XRD patierns using Cu-K as the radiation source for

alloys YC#1 to YCHO;

[ )
e}

{6011} Fig. 2 plots the unit cell volume of the m-Zr2Ni7 phase as a function of
V-content in the alloy;

6012} Fig. 3 plots the phasc abundances as functions of V-content in the alloy;
[6013] Figs. 4a-4f are SEM back-scattering electron images for alloys YC#1 (a),
YCH2 (b, YOH3 (¢}, YCH4 (d), YCTHS (e}, and YCHO (), respectively;

[6014] Figs. 5a-5b plot the PCT isotherros measured at 30°C for alloys YCHI -
YC#3 (5a) and YC#4 - YC#HG (5b);

N2
i

[6015] Fig. 6a plots the half-cell discharge capacities of the six alloys measured at 4
mA g-1 versus cycle number during the first 13 cycles;
{6016] Fig. 6b plots the high-rate dischargeabilitics of the six alloys versus cycle

30 nurber during the first 13 cycles;
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{6017] Fig. 7 plots the open circutt voltage vs. pressure atl the md-point of PCT
desorption isotherm measured at 30°C from two series of prior art off-stoichiometric MH
alloys {ABz and ABs);

{06018 Fig. 8 plots the full discharge capacities at the 10th cycle {open symbol} and
open circutt voltage (solid symboly as functions of V-content in the alloy for the six
alloys YC#I-YC#HE;

[6019] Fig. 9 plots the measured electrochemical discharge capacity vs. calculated
electrochemical discharge capacity converted from gaseous phase hydrogen storage
measurements using the conversion 1 wt.% of hydrogen storage = 268 mAh g-1;

{6026] Fig. 10a is a plot of the XRD patterns using Cu-K as the radiation source for
alloys YC#7 to YCO#11,

0021} Fig. 10b 1s a plot of the XRD patterns using Cu-K as the radiation source for
alloys YCH#12 to YC#16; and

{06221 Fig. 11 is photomicrograph of sample YC#12, and 1s cxemplary of the

photomicrographs of all of the samples YC#7 - YC#16.

DETAILED DESCRIPTION OF THE INVENTION

{6023} The present inventors have discovered hydrogen storage alloys that have
electrochermical hydrogen storage capacities which are higher than predicted by their
respective gaseous hydrogen storage capacitics at 2 Mpa of pressure.  The hydrogen
storage alloys may have electrochemical hydrogen storage capacitics 5 to 15 times higher
than that predicted by the maximum gaseous phase hydrogen storage capacity thereof.
The hydrogen storage alloy may be any alloy selected from alloys of the group
consisting of A2B, AB, ABs, AB3, A2By, ABs and ABs.

[6024] The tnventors believe that the electrochemical discharge capacity is higher
than the capacity obtained from gaseous phase measurement due to the synergetic effects
of secondary phases present in the present, un-annealed alloys. While not wishing to be
hound by theory, the mveutors believe that the secondary phases in the present alloys act
as catalysts to reduce the hydrogen equilibrium pressure in the clectrochemical
enviropment and increase the storage capacity.

{6025] The term “synergetic effect” 1s used herein to describe the increase in

discharge capacity or high rate dischargeability (HRD) of the main phase in the presence
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of secondary phases. The synergetic effect arises as a result of the multi-phase nature,
which provides various properties that together contribute positively to the overall
performance, Morcover, the presence of secondary phases offers more catalytic sites in
the microstructure for gaseous phase and/or electrochemical hydrogen storage reactions.
For cxample, the secondary phases may have too high of a hydrogen equilibrium
pressure and they may not absorb any considerable amount of hydrogen; however, they
may act as a catalyst for hydrogen storage of the main phase. The abundance of the
secondary phase is not as important as the wnterface area affected by the synergetic effect.
That is, the amount of surface interface between the storage phase(s) and the catalytic
secoudary phase(s). Therefore, both the wnterface area and the penctration depth of the
synergetic effect are crucial for maximizing the advantages of the present invention, such
as higher storage capacity, higher bulk diffusion, and other electrocherical propertics.
The penetration depth may be estimated by dividing the improvement in various
properties by the mterface arca from scanning clectron micrographs, Herein after are
spectfic examples of alloys that correspond to individual embodiments of the present

invention,

Example 1 ZrV Nissy

[6026] The present invention comprises the use of V as a modifying element to
improve the electrochemical properties of ZriNis alloy. In order to improve the high-rate
performance of the ransition metal-based metal hydnde alloys, a series of ZrV Nigso (x
=0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) ternary metal hydride alloys with high Ni-content were
studied. The main phase{s) of the alloy evolves from ZrNis and cubic ZnNiy to
monoclinic ZraoNiy, ZrNis and ZrNig, and then finally to monoclinic ZrNi; only with
increases in V-content, The secondary phase(s) evolves from monoclinic ZrNi7 and
ZrNis to cubic ZrxNiz and VN and then to VNiz, PCOT results show incomplete
hydriding using the current set-up (up to 1.1 MPa), low maximum gaseous phase
hydrogen storage capacities (< 0.075 wt%, 0.05 H/M), and large hysteresis. The
maximum gaseous phase storage capacity decreases, i general, with the merease n
V-content. In the halficell test, 5 to 15 times higher equivalent hydrogen storage
capacities {up to 0.42 H/M) compared to the maximum gascous phase capacitics are

observed. The equivalent hydrogen pressure during discharge was estimated from the

h
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open citcuit voliage by both the Nernst equation and an empirical formula established
from MH alloys that do not have clear plateaus in their PCT isotherms. The resulting
hydrogen storage capacitics are much lower than those observed from the gaseous phase
study. Two hypotheses are raised to explain the lowering of equilibrium pressure: the
casily activated surface and the synergetic cffect from the secondary phases m the
electrochemical environment. The bulk proton transport properties of the alloys in the
cuirent study are superior to any other MH alloys studied previously. The highest bulk
10

diffusion coefficient obtained is 6.06x1071% cm? 7' from the base alloy ZrNiss, which is

more than double of the coefficient for the currently used ABs alloy (2.55x107* cm” s7').

77
i

Although the discharge capacity (< 177 mAh g7') and the surface exchange current
density are lower than the commercially used AB; alloy, these properties can be further

optirvmized by introducing other modifying elemeuts, such as Mn, Al, and Co.

Experimental setup

6627} Arc melting was performed under a contingous argon flow with a
non-consumable tungsten eloctrode and a water-cooled copper tray. Before each run, a
piece of sacrificial titantum underwent a few melting-cooling cycles to reduce the
residual oxygen concentration in the system. Each 12g ingot was re-melted and turned
over a few times to enswre uniformity in chemical composition. The chemical
composition of each sample was examined by a Varian Liberty 100 inductively-coupled
plasma (ICP) systern. A Philips X'Pert Pro x-ray diffractometer (XRD) was used to
study the microstructure, and a JEOL-JSME320F scanning clectron microscope {(SEM)
with energy dispersive spectroscopy (EDS) capability was used to study the phase
distribution and composition. The gaseous phase hydrogen storage characteristics for
cach sample were measured using a Suzoki-Shokan mwulti-channel  pressure-
concentration~-temperature (PCT) systemn.  In the PCT analysis, each samiple was first
activated by a two hour thermal cycle between 300°C and room temperature at 2.5 MPa

.

Ha pressure. The PCT isotherm at 30°C was then measured.
[6028] Six alloys with V partially replacing Ni in various amounts (ZrV Nigs., x =
(.0, 0.1, 8.2, 0.3, 0.4, and 0.5) were prepared by arc melting. A B/A ratio of 4.5 was

chosen deliberately to take advantage of the large solubility range of the ZrNis phase as

&
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shown o the Zr-Ni binary phase diagram. The desigo compositions and the 1CP results

are summarized in Table 1,

Table 1

Zy {at. Yoy [Nt (at. %) V {at. %) {V+NiYZr] Formula | Formula wi,
YO#] D;g‘f“ E;; 2;2 g 45 ZiNiss 355.34
YCH#2 ngf“ ifjﬁj ;g i; 45 | ZrVoiNia| 35457
YC# Dféf“ ?ﬁé‘ Z;’g‘ i f 45 | ZrVesNiss | 35379
B 45 | ZrvesNigs | 35302
YOH#S D;g‘f“ E; ;‘;f ;: 45 | ZrVoaNiai| 35224
YCiH6 ngg“ e 45 | ZtVoNig| 35147
16029} As can be seen, the compositions determined by ICP are very close to the

design values. The ingots were not anpealed 1n order to preserve the secondary phases,
which may be beneficial to the electrochemical properties. Formulas in the format of

Zr{V, Niys and associated formula weights are also included in Table 1,

XRD structyre analvsig

{6830] Fig. 1 ts a plot of the XRD patterns using Cu-K as the radiation source for
alloys YC#1 to #6. The vertical line 18 to tllustrate the shitting of the ZrMNi9 and VN2
peaks to lower angles. Five structures can be identified: a monoclinic ZroNiy (m-ZnNiy)
(reference symbol ©), a cubic ZroNir {¢-Zr2Ni7} {reference symbol @), a cubic ZrNis
{(reference symbol V), a cubic ZrNis {reference symbol ¥}, and an orthorhombic VN2
phase (reference symbol U). The first structure, a stable structure of ZrNi; after
annealing, is monoclinic with lattice constants a = 4.698A, b = 8.2354, ¢ = 12,1934, b =
95.83° and unit cell volume = 469.3A%. The second structure, a metastable structure of
ZrNiy, is cubic with lattice constant ¢ = 6.68A. An orthorhombic ZrNiy phase has been
reported previously but was not observed in the current study. H:Cos is a similar alloy
that contains this stable orthorhombic phase. The third structure, a ZrNis cubic structure,
is AuBes-type. lis reported lattice constant « varies slightly among different groups,
averaging about 6,701, The fourth structure, the ZrNis phase, does not exist in the Zr-Ni

~
/
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binary phase diagraro and has oot been reported before. However, a similar alloy TiNio,
which was also not scen in the binary phase diagram, was reported to have a cubic
structure with lattice constant @ = 3.56 A, The fifth structure, an orthorhombic VNI
phase with a MoPt; structure, has a diffraction pattern with peaks overlapping with those
of a simple cubic structure, such as ZrNis, with the major difference being a splitiing of
the (130} and (002} reflections near 50°. In addition, there is a VNi3 {reference symbol
§) phase found in EDS analysis that was not identified in XRD analysis due to the
complete overlapping of its pattern with the diffraction patierns of ZxNis.

{6031} Lattice constants of all five phases were calculated from the XRD patterns
and are listed in Table 2.

Table 2

YC#L | YCH2 | YCHY | YCHA | YCHS | YCOHS
m-ZixNiz, a (A) 4651 | 4.668 | 4711 | 4748 | 4751 | 4.747
m-ZioNiz, b (A) 8233 | 8245 | 8366 | 8406 | 8442 | 8406
m-ZixNiz, ¢ (A) 12003 | 11902 | 12,042 | 12,113 | 12.25 | 12.331
m-ZixNiz, b (%) 9339 | 9293 | 9298 | 9265 | 9311 | 93.89

m-ZixNis, Vol (A7) | 458.8 | 457.5 474 482.9 | 4906 | 4909

¢-Zi:Ni7, a (A) 6.701 | 6701 | 6.703

ZeNis a (A) 6.72 6728 1 6.738
ZrNig a (A) 3.527 3.55 3.555
VNiz a (A) 2.562 | 2602 | 2614
VNiz, b (A) 7.505 7.6 7.666
VNi, ¢ (A) 3468 | 3433 | 3.399
VNiz, Vol (A%) 66.68 | 67.89 | 68.11
m-ZnNiy % 6.2 32.3 63.2 726 | 711 70.4
¢-ZNiz % 439 7.6 4.5 0 0 0
ZrNis % 43 25 4 0 0 0
ZrNig/ VNiz% 6.9 35.1 28.3 0 0 0
VNiz % 0 0 0 274 | 289 | 296
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The unit cell volurue of cach phase mcreases as the V-content in the alloy increases
except for the m-ZrNiy phase in the alloy with very low V-content (YC#2). Considering
that Zr 1s larger than V, and V 18 larger than Ni, the increase i unit cell volume indicates
that V occupies the B-site and replaces Ni. The unit cell volume of m-ZrNi7 is plotted
against the average V-content in the alloy in Fig. 2. In the m-Zr2Ni7 phase of YCiH2, the
decrease in unit cell volume is caused by V occupying the A-site at lower levels of
V-substitution, which is similar to the case of lattice contraction observed in AB; MH
alloy with small amount of Sn (< 0.1 at.%) substitutivg for Ni. A horizoutal line was
added in the graph of Fig. 2 to indicate the unit cell volume of a pure monoclinic ZralNiy
saraple after avuealing. While the unit cell volumes of the m-ZraNiy phase f{or the first
two alloys are smaller than that of the pure ZroNis, those in the rest of alloys are larger.
The lattice constants of ZrNis, ZrNie, and VNiz also increased with the increase in
V-content. Therefore, preliminary observations from the lattice constant evolution in
XRD analysis suggest that V mainly occupies the Ni-stie in various phases.

{6832] The phase abundances analyzed by Jade 9 software are histed in Table 2.
Fig. 3 plots the phase abundances as functions of V-content in the alloy. The V-free
YC#1 is composed of mainly ¢-ZnNiz (symbol 0} and ZrNis {(symbol &) with m~-ZrnNiy
(symbol @) and ZrNiy (symbol A} as the sccondary phases. With the increase in average
V-content in the alloy, the main phase first shifts to m-ZrNi7/ZrNis/ZrNis and then to
m-Zr2Ni7 only. The sccondary phase first changes into ¢-ZnNir and then to VNi2
(symbol ). The phase abundances of alloys YCH4, S, and 6 are very simmlar at about

T0% m-Zr:Ni7 and 33% VN,

SEM/EDS analvsis

[0033] The microstructures for this series of alloys were studied using SEM, and the
back-scattering electron images (BEI} of the six alloys (YC#1 - YCU#6) are presented in
Figures 4a-4f, respectively,  Samples were mounted and polished on epoxy blocks,
rinsed and dried before being placed into the SEM chamber. The compositions in
several areas (identified mumerically i the micrographs) were analyzed using EDS, and

the results are listed in Table 3.
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Table 3
Alloy #{Figh/Reflf Zr | NI | V [ (NBHVVZr INV(V+HEr) Phase
YC#1 § Figda-1 [22.4177.6 3.46 3.46 m-Lr2Ni7
Figda-2 122.8177.2 3.39 339 e~Zr2MNi7
Figda-3 117.31K82.7 4.78 4.78 ZrNis
Figda-4 11041896 8.62 8.62 ZrNi9
Figda-5 148,9151.1 1.04 1.04 ZrNi
YC#2 § Figdb-1 12231774} 0.3 3.48 342 m- Ly 2 N7
Figdh -2 117.1 1824} 0.5 4.85 4.68 Ly Nis
Figdh -3 10 [83.1] 6.9 9 4.92 ZrNi9-1
Figdh -4 | 4.5 |85.2110.3 21.2 5.76 ZxrNig-H
Figdh -5 136.5163.2} 0.3 1.74 1.72 Zr3NiS
Figdb -6 | 1.5 {83.814.8 63.7 514 VINi3
YC#3 § Figde-1 (2241 77 | 0.6 3.46 3.38 m- Ly 27
Figde-2 122217731 0.8 35 341 e-Zr2Ni7
Figde-3 11071795} 6.8 8.35 3.88 ZrNi9-i
Figde-4 [12.1178.7}1 8.2 7.26 3.69 ZrNi9-i
Figde-5 | 0.7 182.2117.1 141 4.62 VINI3
Figde-6 [41.6{57.6] 0.8 14 1.36 ZrTMNi10
YCO#4 § Figdd-1 122.1177.21 0.7 3.52 3.39 m-Lr2Ni7
Figdd-2 {22,1{76.9] 0.8 3.52 3.36 e-Zr2Ni7
Figdd-3 | 7.1 {7541174 13.1 3.08 VNI2/ Zr2Ni7 mix
Figdd-4 | 6.5 {70.3129.2 199 2.37 VINiZ
YOH#S § Figde-1 (22417641 1.1 3.46 3.25 ZrINIT
Figde-2 | 6.7 {70.5]22.8 13.9 2.39 VNI2/ Zr2Ni7 mix
Figde-3 111.2170.41184 7.93 238 VNI2/ Zr2Ni7 mix
Figde-d | 0.6 168.2131.2 163 214 VN2
Figde-5 [ 77.6116.6] 5.9 4.29 8.2 ZrO2
YCO#6 § Figdf-1 (226757} 1.6 3.42 3.13 ZrINIT
Figdf-2 | 7.2 {5541374 12,9 1.24 VNI2/ Zr2Ni7 mix
Figdf-3 | 12 |68.8119.1 7.33 221 VNI2/ Zr2Ni7 mix
Figdf-4 | 0.7 {62.1137.2 141 1.64 VN2
Figdf-5 19441 4.8 | 0.8 3.96 0.85 ZrQ2

Both (Ni+V )/ 7r and Ni/{V+7r) values were calculated based on the compositions and are
histed wn the same table. Tu the V-free YCU#] alloy, the main phases are identified to be
Zr:Ni7 (Fig. 4a-2) and ZrNis (Fig. 4a-3). There are some traces of a phase with slightly
brighter contrast that is embedded nto the ZraNiy phase and has a composition very close
to ZnNiz (Fig. 4a-1).

microstructures of several alloys, these traces are believed to be the m-ZrzNiy phase with

10

According to the XRD analysis and the comparison of the
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the main ZrNiy phase being ¢-ZrNi;, While the ZrNis secondary phase can be found
within the ZrNis main phase in the shape of a liguid droplet (Fig. 4a-4), the ZrNi
sccondary phase within the ¢-ZrNiy phase s manifested as fine crystals with well-
defined edges (Fig. 4a-5). In the next alloy, YU#2, three main phases can be found:
Zr:Ni7 {Fig. 4b-1}, ZrNis (Fig, 4b-2), and ZxNiy (Fig. 4b-3). Within the ZraNiy phase,
some arcas with shghtly darker contrast can be identified. Based on the XRD results and
the microstructure analysis, the majority of the Zr:Ni; phase with slightly brighter
contrast can be designated as the m-ZnNir phase, with the darker regions being the
c-Zr:Ni7 phase. The major secondary phase with darker contrast (Fig. 4b-4) compared to
the roain phases is located between the ZrNis and ZrNio phases. This phase has a similar
Ni-content to the main ZrNie phase; however, its V-content is higher than the Zr-content.
There roust be some V occupying the Zr-site in this case; therefore, this phase is
designated as the ZrNio-I phase. A sharp needle-like inclusion was found in the ZrNiy
matrix (Fig. 4b-5). With a Zr-to-Ni ratio of 3 1 S, this inclusion has a very small amount
of V and can therefore be assigned as the ZraNis phase, which does not exist in the Zr-Ni
binary phase diagram. Another sccondary phase, the one with the darkest contrast, has a
very small amount of Zr (Fig. 4b-6) and is assigned to be the VNiz phase according to
the stoichiometry, which has a XRD diffraction pattern very close to that of TiNis. In
Y(#3, the brightest contrast comes from the main phase, m-ZrzNiy (Fig. 4¢-13. The
slightly darker region (Fig. 4¢c-2) and the sharp crystal (Fig. 4¢-6) embedded in the
matrix are from the ¢-Zr:Nuy and ZrsNije phases respectively, The secondary phases are
mainly ZrNig (Fig. 4¢-3 and 4c-4) and VNiz (Fig. 4¢-5). The microstructures of the last
three alloys are very similar: ZraNiy as the matrix and VN2 as the secondary phase with
occasional Zr0y inclusions. The V-content in the ZraNiy phase increases shightly from
0.7 to 1.1 and then to 1.6 at.% while the V-content 1n the VNiz phase mncreases from 29.2
to 31.2 and then to 37.2 at.% in alloys YC#4, 5, and 6, respectively. The changes in Zr-

content n these two phases are very small in the last three alloys.

(aseous hyvdrogen absorption study

6034} The gaseous phase hydrogen storage properties of the alloys were studied by
PCT. The resulting absorption and desorption 1sotherms measured at 30 °C are shown in

Figs. Sa-Sb, which plot the PCT isotherrs for alloys YO#1 - YO#3 (5a) and YCH#4 -

I
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YC#6 (5b).  Open and solid symbols are for absorption and desorption curves,
respectively. The shape of the isotherms (flat at the end) suggests incomplete hydride
formation, More hydrogen can be stored at higher hydrogen pressure. The dual platean
feature can be found in all absorption and some desorption isotherms and indicates that
more than one phase is capable of hydrogen storage. The maximum hydrogen storage
capacities at 1.1 MPa in wt.% and H/M together with their equivalent electrochemical
capacities (1 wt.% = 268 mAh g™’} are listed in Table 4.

Table 4

Max. H- § Max. H-§ Max. H- § Rev. H-

Alloy | storage | storage § storage § storage

(wt.%}) | (H/M) §(mAhg-1)§ (wi%)
YCH#HLE 0.075 0.048 20 0.054
YC#2 8 0.072 0.046 19 0.041
YOR3§ 0,063 0.04 17 .037
YC#HAE 0.071 0.046 19 0.053
YC#5F 0.06 0.038 16 0.048
YC#6 ] 0.037 0.023 10 0.029

In general, both the maximum and reversible hydrogen storage capacities decrease with
the increase in V-content except for YU#4, where shght increases in both capacities are
observed., According to the calculated average heats of hydride formation of various
phases based on those from the constituent elements (FrHy -106, VHz: — 40.2, and
NiHz: 20 kJ mol™ H, [32]), only the hydrides of Zr:Niy and ZrNis are stable, and the
strength of the metal-hydrogen boud increases 1u the order of ZraNyy > ZrNis > VN >
VYNis > ZrNis. The trend of the maximum hydrogen storage capacity at 1.1 MPa does
not match that of the ZrNiy phase abundance due to the mcompleteness of hydrogen
absorption. The maximam capacities measured in this study are only about 20% of the
capactly measured from a pure Zr2Niy alloy at 25°C and 2.5 MPa (0,29 H/M). With the
wmerease i V-content, both the PCT hysteresis and the irreversible storage capacity

decreased,

Flectrochemical measurement

[6035] The discharge capaciy of each alloy was measuared i a flooded-cell
configuration against a partially pre-charged Ni{OH): positive clectrode. No alkaline

pretreatment was applied before the hall~cell measurement. Each sample electrode was

12
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charged at a constant current density of 50 mA g~! for 10 h and then discharged at a
current density of 50 mA g ! followed by two pulls at 12 and 4 mA ¢!, The obtained
full capacities from the first 13 cycles are plotted 1n Fig. 6a. Fig. 6a plots the half-cell
discharge capacities of the six alloys (discharging at 4 mA g-™') versus cycle number
during the first 13 cycles. Fig. 6b plots the high-rate dischargeabilities of the six alloys
versus cyvele number during the first 13 cyecles. All capacities stabilized after 3 cycles.
High-rate {discharging at 50 mA g} and full capacities measured at the 10" cycle are

Hsted m Table 5.

Table 5
Alloy YOAL F YOHZ | YOH3 § YCOH4 § YO#RS § YOS
Full capacity (@ 10th cycle (mAh o2 145 125 146 108 177

o-1)

L Sl

Full capacity @ 10th cycle (/M) § 0.22 | 0.35 0.3 .35 0.4 0.42
High-rate capacity @ 10% cycle 77 116 99 120 136 144

(mAh - 1)
Activation cycle reaching 95% of 1 i 1 5 ] 2
HRD @10® cycle
HRD @ 10th cyele 0.84 0.8 079 1 082 | 0.81 | 081
QCV (V) 128 + 127 | 1.28 1.3 130 4 132
Hauiv. PCT platean presswreusing § 0.03 | 002 | 004 | 0.4 | 029 | 113
Nernst Eq. (MPa)

Fauiv. PCT mid-point desorption § 0.04 | 0.03 | 004 | 0.08 | 011 | 0.22
pressure (MPa)
Diffusion coetficient D (10 em” § 606 | 5.21 512 § 544 | 491 | 458

=
s )
Exchange current J, (mA g 2008 1 299 | 307 32 293 | 246

Except for YC#3, both discharge capacities increase with the increase in V-content. The
equivalent hydrogen storage capacities 1n H/M, based on the full discharge capacitics
(listed in Table 5} are 5 to 15 times higher than those measured in the gaseous phase
(Table 4). The maximum storage capacity {reversible + ureversible) measured by PCT
has always been counsidered to be the upper bound for the electrochemical discharge
capacity. The observation of the electrochenncal discharge capacity being higher than
the maximum gascous phase storage capacity in the current study is unexpected. The
storage capacities measured in the electrochemical environment are also higher than that
measured from a pure ZroNiy alloy at 25°C and 2.5 MPa (H/M = 0.29). Therefore, the
Zr:Ni7 phase alone cannot account for the relatively high clectrochemical discharge

Ty
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capacity of these alloys. A fraction of the capacity of ZraNiv was not accessible n the
gascous phase duc to the hmited pressure range. However, in the electrochemical
environment, extra capacity was measured, It is logical to assume the exira capacily was
from the higher equivalent hydrogen pressure from the applied voltage (29 mV
ditference = 1 decade of Hz pressure difference). The open-circuit voltage (OCV) at
50% state-of-charge during discharge of cach sample is also listed in Table 5. Two
methods were enployed to estimate the equivalent gaseous phase equilibrium hydroge

pressure.  In the first method, the Nernst equation (1) was applied with an equilibrivm
potential of Ni{OH), at 0.36 V vs. Hg/HgO reference clectrode. The equation is derived

from the well-defined a-to-b transition, such as in the case of LaNis,

Boq (MH vs, HgO/Hg) = - $.9324 - 0.0291 log Pax volt (H

The equivalent gascous phase plateau pressures are histed mn Table 5 and range betwoen
(.032 and 1.126 MPa. The plateau pressures of the first five alloys in the
electrochemical system are lower than the highest pressure employed in the PCT
apparatus (1.1 MPa}. Therefore, the electrochemical enviroument is able to reduce the
hydrogen storage plateau pressure and consequently incrcascs the storage capacity. The
second method of estimating the equivalent gaseous phase equilibrium hydrogen
pressure was considered due to the fact that most of the disordered MH alloys lack weli-
defined plateaus 1o the g-to-b transition in the PCT isotherm. Instead of the Nernst
equation, an cmpirical relationship between the mid-point pressure in the PCT desorption
wsotherm and OCV (Fig. 7) was established based on the data obtained from two series of
off-stoichiometric AB; and ABs alloys. Fig. 7 plots the open circuit voltage vs. pressure
at the nud-point of PCT desorption isotherra measured at 30°C from two series of prior
art off-stoichiometric MH alloys (AB2 and ABS). The good linear fitting (8° = 0.96) of

the curve can be expressed as:
log (mid-point pressure) = 17.550CV - 23.87 (2)

Using eq. (2), the equivalent gaseous phase mmd-point desorption pressure was calculated

from the OCV of each sample and is listed in Table 5. The resulting pressures are also

much lower than the highest pressure emploved in the PCT apparatus.  Therefore, the
14
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calculations from both methods show consistent resulls: in the electrochemical
environment, higher storage capacity was obtained due to the reduction in equilibrium
hydrogen pressure.

6036 Fig. 8 plots the full discharge capacities at the 10th cycle {open symbol} and
open circutt voltage (solid symboly as functions of V-content in the alloy for the six
alloys YCHI-YC#S. (OCV increases as the V-content increases except for alloy YU#2.
The drop in OCY and the boost in discharge capacity in YC#2 may be related to the
shrinkage in unit cell volame of the m~ZrNiy phase as shown n Fig. 2. With the
increase in the amount of V substituting Ni, the average strength of metal-hydrogen bond
wmereases, and higher discharge capacity 1s expected and observed. However, OCV,
which s closely related to the equilibrium hydrogen pressure, is expected to decrease
with the increase in metal-hydrogen boud strength, which is pot seen o the current study.
As stated i the previous paragraph, the OCV was altered by the electrochemical
environment and s lower than the value expected from the gascous phase PCT analysis,
The mcrease in OCV with the increase in V-content indicates that the charge/discharge
characteristics m this multi-phase alloy system are strongly influenced by etther the
surface modification due to the reaction with KOH or by the synergetic effect from the
catalytic secoundary phases as seen in mulii-phase AB:; MH alloy systems. The
discrepancy between the gaseous phase and electrochemical behaviors s further
highlighted when the discharge capacity is plotted against the maximum gascous phase
hydrogen storage capacity. Fig. 9 plots the measured clectrochemical discharge capacity
vs. calculated electrochemical discharge capacity converted from the gaseous phase
hydrogen storage measurements using the conversion 1 wt.% of hydrogen storage = 268
mAh g-1. Instead of a positive correlation expected between capacities from the gaseous
phase and wet chemistry, a negative correlation is observed.  Alloys with higher
maximum gaseous phase storage capacities show lower electrochemical discharge
capactiies,

16837} The half-cell HRD of each alloy, which is defined as the ratio of the
discharge capacity measured at 50 mA gl to that measured at 4 mA g !, for the first
thirteen cycles are plotted n Fig. 6b. Most of the alloys, except for YC#4 and YC#6
achicve 95% of the stabilized HRD in the first cycle, which shows very easy activation,

HRDs at the 10" cycle are listed in Table 5. HRDs in all V-containing alloys are similar
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and slightly lower than that of the V-free alloy. These HRDs are relatively low
compared to those measured in the commercial AB: and ABs alloys, In order to further
irprove HRDs of the alloy system in this study, more modifying elements, such as Mn,
Al, Co, and Sn, are needed.

[6038] With the intention of further understanding the source of the degradation in
exchange current (/) were measured. The details of both paramecters’ measurement
techmques are known wn the art, and the values are histed m Table 5. The D values frovn
the V-containing alloys are lower than that measured in the V-free alloy. However, they
are much higher than those measured in other MH alloy systems, such as AB» (9.7x1071
em?® s7h, ABs (2.55x107Y em? ¢, La-AxB; (3.08x107° cm? 1), and Nd-A:B;
(1.14x1071 cm? 571}, The bulk proton transport property of the Zr-based AB; alloy in the
current study s the best among all alloy systems tested so far. In contrast with the D
values, £.'s in the V-containing alloys are higher than that in the V-free YC#1 alloy, and
the values are close to that in the AB: alioy (32.1 mA g7') but lower than those in ABs
{43.2 mA ¢!y and La-A2B7 (41.0 mA g™'). With high Ni-content in the alloy formula,
high surface catalytic capabtlity tn the Zr(V Ni)ss alloy systent is expected but not seen
in the current study. Other commonly used moditying clements in AB:2 and ABs MH
alloys, such as Mn and Co, should improve the surface property of the alloy system in
this study. Judging from the D and 7, values in the alloys, it 1s concluded that HRD ¢high
rate of 50 mA g7') of the alloy system in this study is mainly determined by the bulk

proton transport.

Further testing
[6039] In order to further investigate the discrepancy between the gascous phase
storage and electrochemical discharge capactties, their correlations to the phase

abundances are listed in Table 6.
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Table 6

Max. Gaseous Cap. Electrochem. Cap, § OCV

m-LrNiy % .33 0.6 0.49
c-ZraNiy % 0.24 (.73 .28
ZraNig-total 0.28 .23 0.56
ZrNis (.35 0.61 .48
ZrNigtVNis 0.23 0.09 0.56
VNiz 0.34 .61 .82

ZrNio +VNis+ VN 0.12 .59 8.06
V-content 8.7 (.8 8.9

The only significant correlation of the gaseous phasc is to the average V-content. The
increase i V-content reduces the maximum gaseous phase storage capacity. Judging
from the shapes of the PUT isotherms, the reduction in capacity is mainly due to the
increase in platean pressure but not to the reduction i plateau range. The other
observation is that with the increase in V-content, less hydrogen is stored irreversibly,
which indicates that the metal- hydrogen bond strength becomes weaker; this result
agrees with the increasing trend of the platean pressure. V substituting for Nt in most of
the MH alloy systems increases the metal-hydrogen bond strength due to the higher
protou affinity of V. In this case, the trend of the plateau pressure is just the opposite:
the metal-hydrogen bond strength is weaker at higher V-content. Therefore, it seems that
the gaseous phase properties of this alloy systern are not governed by any individual
phase nor are they governed by the average proton affinity of the alloy.

0046} The clectrochemical capacity (see Table 6), correlates very well to the
abundances of several phases, such as both m-~ and ¢-ZrNiy phases, the ZrNis phase, and
the VNiz phase. The correlation between the clectrochemical capacity and the average
V-coutent 1s the most significant.  With the increase in V-content, the average protou
affinity of the alloy increases and contributes to a higher electrochemical storage
capacity, which 1s in opposition with the finding frow the gaseous phase study. OCV
correlates well with the abundances of several phases, especially with VNi» (R* = 0.82).
Its correlation to the V-content is the most significant (&% = 0.90) among all. A higher
V-content should increase the proton affinity and consequently reduce the plateau
pressure and OCV. QOu the contrary, the results in this study show that a higher

17
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V-content corresponds to a higher OCV, which 1s consistent with the observed trend in
PCT plateaun pressure but not with the trend in electrochemical capacity. Therefore, the
conclusion is that while the average V-content 1s the most significant correlation factor
with these three properties, the change in gaseous phase characteristic is similar to the
image 1w OCVY, and the mechanism that causes the disagreement with the expected
requires further study. The evolution of the electrochemical capacity follows well from

predictions made by looking at the average proton affinity of the alioy.

Example 2: FrV Nizs

106041} The strocture, gascous storage, and electrochemical properties of a series of
ZrV . Nizs (x = 0.0 t0 0.9) metal hydride alloys were studied. As V-content in the alloy
was increased, the main ZryNiy phase shifted from a monoclinic to a cubic stracture, both
ZrNiz and ZrNis phase abundances decreased, equilibrium pressure increased, both
gaseous phase and clectrochemical storage increase and then decrease, and both the high-
discharge capacity was higher than that measured in gaseous phase, and was explained
by the synergetic effect from the secondary phase.

[6042] Ten alloys with V substituting for Wi at various levels (ZrV Nz s, x = 0.0,
0.1,0.2,0.3,0.4,0.5,0.6,0.7, 0.8, and 0.9) were prepared by arc melting. A B/A ratio of
3.5 was kept constant.  ICP results are consistent with the design within 3%. The ingots
were not annealed i order to preserve the secondary phases, which may be beneficial to
the electrochemical properties. The design compositions are summarized in Table 7.

Table 7

Zri Ni Vo (VN Formula Formula wt

YC#T §22§ 7R 0 35 ZrMNi3.S 296.3
YCHE §228 758 F 2.2 3.5 ZrV0, INi3 4 295.6
YCHG §228 736 F 44 3.5 Zrv0.2Ni3.3 2948
YCHIO 22, 714 § 6.6 3.5 ZrV.3NI32 294
YCHI1 §228 692 § 88 35 ZrV0.4Ni3. 1 2933
YC#12§228 67 i1 3.5 ZrV.ANIS.O 292.5
YC#I3 3223 648 § 13.2 3.5 Zrv0.6Ni2.9 291.7
YC#14 8228 626 § 154 3.5 ZrV3.TNIZ.8 291
YOHISE228 604 § 176 3.5 ZrV0.8Ni27 290.2
YC#16 22§ 582 § 19.8 3.5 ZrVH.9Ni2.6 289.4

I8
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XRD Structure Analysis

{3043} The XRD patterns of the ten alloys are shown in Figs. 10a and 10b. Four
structures can be identified: a monoclinic Zr2Ni7 (m-ZrzNi7 symbol o}, a cubic ZrNiy

{c-£r2Niy symbol e}, a hexagonal ZrNi; phase (symbol V) and a cubic ZrNis phase
{symbol ¥). The first structure, a stable structure of ZroNir after anpealing, is
monoclinic with lattice constants ¢ = 4.6984A, 5 = 8.235A, ¢ = 12.193A, b = 95.83° and
unit cell volume = 469.3A°%. The second structure, a metastable structure of ZnNis, is
cubic with lattice constant @ = 6.68A. The third is a hexagonal-structured ZrNis with
lattice constant a = 5.309A and ¢ = 4.303A. The fourth structure, a ZrNis cubic
structure, 18 AuBes-type, Its reported lattice constant ¢ varies slightly among different
groups, ranging from 6,702 to 6.683 A, Lattice constants and phase abundances obtained
from XRD are listed in Table 8. As the V-content in the alloys increased, the main phase
shifted from m-ZuNiy to ¢-ZrNy, the amount of secondary phases of ZrNiz and ZrNis
decreased, the unit cell volumes of c-Zr2lNiz7 phase remained relatively constant, those in

the m-ZraNiy phase increased.
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SEM/EDS analysis

6044 The microstructures for this series of alloys were studied using SEM, and a
back-scattering clectron tmage (BED of sample YC#12, which 1s shown i Fig, 11, This

figure i1s exemplary of the micrographs of all of the samples. Clear phase segregation can

5 be seen frora the micrograph, Two phases of ZrzNiz can be identified {spots 1 and 2} with
slightly different in contrast and V-content. Without an in-situ electron backscattering
diffraction pattern, we cannot assign crystal structures (c- or m-) to these two phases.
Secondary phases of ZrNiz and ZrNis (making the average composition ZrNizs) are
interposed with cach other and the sides of these paraliclogram-shape secondary phase

10 regions are parallel, which suggests certain crystaliographic orientation alignruent between
the mam ZrNiy phase and the ZrNiz/ZilNis secondary phase.  According to the Zr-Ni

binary phase diagram, during solidification of a liquid with coruposition close to ZrNuy,

the ZrNiy phase solidifies first, and then further solid-state transformation creates both the

ZrNiz and ZrNis phases, Observing Fig. 11, it looks like ZrNis (spot 3) was formed first

—
A

pushing excess Ni to the grain boundary, forming the ZrNis phase (spot 4). Upon

anncaling of the samples, these secondary phases are expected to vanish,

Gaseous Phase Study

[0045] The gaseous phase hydrogen storage properties of the alloys were studied by
PCT measured at 45°C. Unlike long-term annealed ZroNiy alloys, the inventive sample
24 alloys were not quick to absorb the hydrogen. Therefore, higher temperature (45°C) was
used to study the gascous phase storage propertics of these alloys,  The difference
kinetics between as-cast and annealed alloys might come from the smaller grain size of
the former impeding the diffusion of hydrogen in the bulk, For alloys with higher
V-contents, the shape of the isotherms (flat at the end) suggests ncomplete hydride
25 formation. More hydrogen can be stored at higher hydrogen pressure. The maximum
and revisable hydrogen storage capacities at 1.5 MPa in mAh g7 (1 wi.% = 268 mAh
gy are listed in Table 9.
{6046] o geveral, the maxiroum capacily decreased in the beginning and increase
and stabilized afterward and the reversible capacity increased with the increase in the
30 V-content. The changes in maxunum capacity might be related to the main Zr2Niy phase
abundance while the increases in the reversible capacities are from the increasing plateau
pressure with increase n the V-content.
21
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Electrochemical Capacity Measurernent

{6047} The discharge capacity of each alloy was measured i a flooded-cell
configuration against a partially pre-charged NiOH). positive electrode. Each sample
electrode was charged at a constant current density of 50 mA g™ for 10 h and then

5 discharged at a current density of 50 mA g followed by two pulls at 12 and 4 mA ¢!
All capacities stabilized after 3 cycles, High-rate (obtained by discharging at 50 mA

gy and full capacities (obtained by adding capacities at three rates together) measured

at the 10" cycle are listed in Table 9. Both capacities increased and then decreased with

the increasing V-content, with the maximum of both obtained with YC#13 (ZrVpsNizo).

10 As i3 the case with example | shove (1.e. ZrViNiss,), the clectrochemical discharge
capacity is higher than the capacity obtained from gaseous phase measurement through

the synergetic effect of sccondary phases. The full electrochemical capacity of any
as~-cast alloy in this study is higher than that measured in the gaseous phase from a pure

Zr:Ni7 alloy at 25°C and 2.5 MPa (H/M = 0.29, 77 mAh ¢'). Therefore, the ZrNis

—
i

phase alone cannot account for the relatively high electrochemical discharge capacity
scen here. A fraction of the capacity of ZrNiz was not accessible in the gaseous phase
due to the hmited pressure vange. However, in the electrocheruical environment, exira
capacity was measured. It is logical to assume the extra capacity was from the higher
equivalent hydrogen pressure from the applied voltage. The open-circuit voltage (OCV)
24 at 50% state-of-charge during discharge of each sample is also listed in Table 9. Again,
as with the ZrV.Niss., alloys of example 1, two methods were employed to estimate the
equivalent gaseous phase equilibrium hydrogen pressure. The equivalent gaseous phase
plateau pressures calculated by Nemst equation (eq. 1 above) are listed in the 8% row of
Table 9. The plateau pressures of three alloys (YC#07, #39, and #10) 1o the
25 electrochemical system are lower than the highest pressure employed m the PCT
apparatus (1.1 MPa) where the plateau was not observed, Therefore, for at least these
three alloys, the clectrochemical environment is able to reduce the hydrogen storage
plateau pressure and consequently increases the storage capacity. Using an empirical
equation (eq. 2 above}, the equivalent gascous phase mid-point desorption pressure was
30 calculated from the OCV of each sample and is listed in the 9% row of Table 9. Almost
all pressures calculated by this method are lower than the maxinum pressures used in
our PCT apparatus. Therefore, the calculations from both methods show consistent

23
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results: n the electrochemical envivonment, higher siorage capacity was obtained due to
the reduction in equilibrium hydrogen pressure.

[6048] The OCV increased with increasing V-context except for YCH08., The
addition of V in the alloy is supposed to increase the stability of the hydride by
increasing the size of the hydrogen occupation site and decreasing the clectronegativity.
in this case, however, the equivalent hydrogen pressure increases {less stable hydride)
with the increase in the V-content. One possible explanation is due to the reduction in
synergetic effect from the reduced secondary phase amount as the V-countent increased.
[6049] The half-cell HRD of cach alloy, defined as the ratio of the discharge
capacity measured at 50 mA g ! 1o that measured at 4 mA g 7L, at the 100 cycle are also
listed in Table 8. HRD increased as the V-content in the alloy increased. This is
mteresting since it 1s kuown that the secondary phases are crucial for the HRD 1o AB:
MH alloys. In the current research, as the V-content increased, the abundance of
sccondary phases decreases, but the HRD increases. The major differences between the
secondary phases in AB; alloys and ZraNiy MH alloys are the abundance and distribution
thereot, The secondary phases (mamly ZryNig and ZrsNigi) in ABy MH alloy are less
abundant and more finely distributed, which causes less resistance to hydrogen diffusion
in the bulk.

{6050] Both the bulk diffusion coefficient (D) and the surface exchange current (/o)
were measured to dissociate the origin of the increase in HRD with V-content. The
details of both parameters’ roeasurements are known fu the art, and the values are listed
in Table 29. The D values increased with increasing V-content, which agrees with the
HRD results. These 2 values are sitailar to those obtaimed from the ZrVNuss., alloys of
example | above and are niuch higher than those measured in other MH alloy systems,
such as AB, (9.7x107H em?® s71), ABs (2.55<10°% em? 571, La-AxB7 (30821070 cm? 571,
and Nd-AB7 (1143307 em® 7). In contrast with the D values, [, decreased with
increasing V-content, These /, values are lower other MH alloys such as ABo, AxBy, and
ABs MH alloys. Further improvement in the surface reaction needs to be performed with
substitutions that will increase the surface area and/or catalytic properties.

0051} While not wishing to be bound by theory, the wventors believe that the
secondary phases in the present alloys act as catalysts to reduce the hydrogen equilibrium

pressure n the electrochemical environment and increase the storage capacity.  Alloys

24
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with high abundance of secondary phase generally suffer from relatively low high-rate
dischargeability, which is controlied mainly by the bulk diffusion.

[06052] The foregoing 15 provided for purposes of cxplamning and disclosing
preferred embodiments of the present invention. Modifications and adaptations to the
described embodiments, particularly involving changes to the alloy composition and
components thereof will be apparent to those skilied in the art. These changes and others
may be made without departing from the scope or spirit of the invention in the following

claims.
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CLAIMS
I. A hydrogen storage alloy, wherein said alloy has a higher electrochemical
hydrogen storage capacity than that predicted by the alloy’s gaseous hydrogen storage
capacity at 2 MPa.
2. The hydrogen storage alloy of claim 1, wheremn said hydrogen storage
alloy has an electrochemical hydrogen storage capacity 5 to 15 times higher than that

predicted by the maximum gaseous phase hydrogen storage capacity thercot,

3. The hydrogen storage alloy of claim 1, whercin said hyvdrogen storage
alloy is selected from alloys of the group consisting of A2B, AB, AB2, ABs, AzBy, ABs
and ABs.

4. The hydrogen storage alloy of claim 1, wherein said hydrogen storage
alloy 1s selected from the group consisting of:
ay Zr{VNissx); wherein O <x <0.5; and

by Zr{(ViNiz s ) wherein § <x < 0.9,

5 The hydrogen storage alloy of claim 4, wheren said hydrogen storage

alloy 18 Zr{VxNiass) and wherein § <x < 0.5,

6. The hydrogen storage alloy of claim 5, wherein 8.1 <x <0.5.
7. The hydrogen storage alloy of claim 5, wherein 0.1 <x < (.3,
3. The hydrogen storage alloy of claim 5, wherein 0.3 <x <0.5,
9. The hydrogen storage alloy of claim 5, wherein 0.2 <x < (.4,
16, The hydrogen storage alloy of claim 5, wherein x = 0.1,

11, The hydrogen storage alloy of claim 5, wherein x = 0.2
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12, The hydrogen storage alloy of claim 5, wherein x = 0.3,
13, The hydrogen storage alloy of claim 5, wherein x = 0.4,
14.  The hydrogen storage alloy of claim 5, wherein x = 8.5,
15.  The hvdrogen storage alloy of claim 4, wherein said hydrogen storage
alloy further includes one or more clements selected from the group consisting Mn, Al
10 Co, and Sn in an amount sufficient coough to enhance oue or both of the discharge

capacity and the surface exchange current density versus the base alloy.

16.  The hydrogen storage alloy of claim §, wherein the bulk proton diffusion

coefficient of said hydrogen storage alloy is greater than 4 x 10 cm® 5L,

—
A

17.  The hyvdrogen storage alloy of clatm 5, wherein said hydrogen storage

alloy has a high rate dischargeability of at least 75%.

18.  The hydrogen storage alloy of claim 5, wherein said hydrogen storage

20 alloy has an open circuit voltage of at least 1.25 volts.

19, The hydrogen storage alloy of claim 5, wherein said hydrogen storage

alloy has an exchange current of at least 24 mA g .

25 20, A negative electrode for use i a Ni-metal hydride battery, said negative
electrode including a hydrogen storage alloy having a higher electrochemical hydrogen
storage capacity than that predicted by the alloy’s gaseous hydrogen storage capacity at 2

MPa,

30 21, The negative electrode of claim 20, wherein said hydrogen storage alloy
has an electrochemical hydrogen storage capacity 5 to 15 times higher than that predicted

by the maximum gaseous phase hydrogen storage capacity thereof,

27
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22. The negative electrode of claim 20, wherein said hydrogen storage alloy
is selected from alloys of the group consisting of A2B, AB, AB>, ABs, ABs, ABs and
ABs.

23. The negative electrode of claim 20, wherein said hydrogen storage alloy
is selected from the group consisting oft
a) Zr{VNiz s ) wherein ¢ <x <0.5; and

by Zr{ViNizsa); wherein § <x < 0.9,

24. A Ni-metal hydride battery having a negative electrode including a
hydrogen storage alloy having a higher electrochemical hydrogen storage capacity thap

that predicted by the alloy’s gaseous hydrogen storage capacity at 2 MPa.

25.  The Ni-metal hydride battery of claim 24, wherein said hydrogen storage
alloy has an clectrochemical hydrogen storage capacity 5 to 15 times higher than that

predicted by the maxtmum gaseous phase hydrogen storage capacity thereofl

26.  The Ni-metal hydride battery of claim 24, wherein said hydrogen storage
alloy is selected from alloys of the group consisting of A2B, AB, AB2, AB;, AzB7, ABs
and ABs.

27, The Ni-metal hydride battery of claim 24, wherein said hydrogen storage
alloy 1s selected from the group consisting of®

a} Zr{VNizs«); wherein § <x <0.5; and

by Zr{(ViNizsa ) wherein 8§ <x < 0.9,
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