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Abstract Metal hydride electrodes are of particular
interest owing to their potential and practical applica-
tion in batteries. A large number of hydrogen storage
materials has been characterized so far. This paper deals
with the effect of the chemical nature and stoichiometry
of specific alloy families (ABs, A,B, AB/AB, and AB,)
on the hydride stability, hydrogen storage capacity and
kinetics of hydrogen sorption-desorption in the solid
phase/gas and solid phase/electrolyte solution systems.
Special attention has been paid towards the electro-
chemical properties of metal hydrides in terms of their
performance in Ni-MH rechargeable alkaline cells.
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owing to the rapid development of portable electronic
devices, increasing concern about the environment and
exhaustion of fossil fuel resources. Interest in metal
hydrides as new negative electrode materials applicable
in rechargeable nickel-metal hydride (Ni-MH) batteries
has been growing since the 1960s.

During recent years there has been an increasing need
to replace the toxic cadmium electrodes in Ni-Cd
batteries by metal/metal hydride (M/MH) couples,
relatively safe for the environment. Actually, Ni-MH
batteries with the NiOOH/Ni(OH), positive electrode
and M/MH negative electrode are considered as an
alternative power source for electric vehicles (EV) which
are being developed all around the world. The attractive
features of Ni-MH batteries are the capability of high-
rate charge-discharge, superior tolerance to overcharge-
overdischarge and higher energy density in comparison
with conventional lead-acid or nickel-cadmium systems
(see Table 1).

The overall charge-discharge reaction in a Ni-MH
battery is as follows:

charge
&
discharge
[SEM = 1.35V]

M -+ xNi(OH), MH, + xNiOOH

(1)

On charging, the metal hydride (MH) is formed in the
anode material (M), while the Ni(OH), at the cathode is
transformed to nickel oxyhydroxide, NiOOH. The
stored hydrogen is oxidized and the reduction of
NiOOH occurs on discharging.

The M/MH electrode should be capable of reversible
storing of hydrogen and should also exhibit an insig-
nificant self-discharge. Since the reversibility of the
charge-discharge reactions is required, a moderately
stable hydride bonding between hydrogen and metal is
desired. It is undesirable for the Me-H bond to be highly
stable or very unstable. Because of this, detailed infor-
mation about the energetics and kinetics of hydrogen
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Table 1 Rechargeable batteries selected for application in electric vehicles {ITE Battery Newslett (1997, 1998) and [6, 14]}

Technology Environmental Nominal voltage (V) Costs ($/Wh) Specific energy (Wh/kg) Cycle life
Lead-acid Toxic 2.0 0.1-0.3 20-35 100-500
Ni-Metal hydride Low toxicity 1.2 1.0-3.0 55-70 500
Ni-cadmium Toxic 1.2 0.5-1.5 30-50 1000
Sodium-sulfur Hazardous 2.0 - 170 1000
(T>300 °C)
Zinc-air Nontoxic 1.5 0.15-0.50 70-85 600
Lithium-ion Hazardous 1.5-3.9 - 115-150 200-500

transfer processes occurring on/in electrode materials, as
well as the specific energy, charge-discharge efficiency
and cyclic lifetime of metal-hydride electrodes, are of a
great importance for their future use in commercial
batteries.

A large number of the hydrogen storage materials has
been characterized so far. Their performance differs
greatly in terms of charge and discharge behavior, self-
discharge and cyclic lifetime. The first review on metal
hydrides was written by Willems in 1984 [1]; the next one
published in 1991 [2] gathered the articles that had been
written since 1985. Presently, a number of reviews are
available on this topic [1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12,
13, 14, 15, 16]. These reviews deal mostly with specific
alloy families, such as rare earth-nickel based systems
and zirconium-titanium-vanadium-nickel Laves phase
systems (ABs, AB,, etc.), alloy preparation methods,
discussion of thermodynamic and/or crystallographic
data, as well as charge-discharge characteristics and
some specific applications of the alloy electrodes in small
sealed Ni-MH cells or batteries for electric vehicles.
Recently, fullerene-based hydrides [17] with a specific
capacity about 610 times larger than any metal hydride
(but with a very poor cycling stability, so far) have been
studied, focusing on their application for batteries. In
this paper we have presented a comprehensive picture of
the up-to-date knowledge about the properties of alloy
materials of importance for their performance in
hydrogen storage electrodes.

Alloys and composition

The electrode materials used for hydrogen electrosorp-
tion were initially Pd, Pd/Ag, Raney nickel, LaNis and
TiNi [18, 19, 20, 21, 22, 23, 24, 25]. These materials differ
substantially from the ones used today. For example,
Jung and Kroeger [25] describe a special type of Raney
nickel (mixed with a thermoplastic synthetic resin) with
a very large active surface and electrochemical capability
to incorporate about 1.2 hydrogen atoms for every atom
of metal. The field of Ni-MH secondary cells has grown
rapidly in the past 15 years. Patents issued in the period
1988-1992 have been reviewed by Kleperis [16]. Special
attention has been paid to palladium, which rapidly
absorbs and desorbs large amounts of hydrogen. How-
ever, high cost was the main reason for the limited
practical application of the Pd/PdH system. Thus

extensive efforts were taken to search for less expensive
materials susceptible to hydrogen accommodation in
their lattice. As a result of independent investigations
performed in several laboratories, a wide set of alloys
composed of rare earth elements with nickel (ABs-type
system) and alloys of zirconium, vanadium and/or tita-
nium with nickel (A;B-, AB- or AB,-type systems) was
offered for use as hydrogen storage materials. In these
alloys, component A is the one which forms the stable
hydride. Component B performs several additional fun-
ctions: (1) it can play a catalytic role in enhancing the
hydriding-dehydriding kinetic characteristics, (2) it can
alter the equilibrium pressure of the hydrogen absorp-
tion-desorption process to desired level, (3) it can also
increase the stability of the alloy, preventing dissolution
or formation of a compact oxide layer of component A
[3,4,5,6,7,15].

ABs-type alloys

The main example of the AB;s class alloy is LaNis with a
hexagonal, CaCus-type structure containing three octa-
hedral and three tetragonal sites per elemental cell unit
[26]. LaNis forms two hydrides, one with low hydrogen
content (o phase, LaNisHg3) and the other with high
hydrogen content (f phase, LaNisHjss), which differ
from each other significantly (about 25%) in the specific
lattice volume. The discrete lattice expansion during
conversion from the hydrogen solution phase («) to the
hydride phase (f§) promotes crumbling of the alloy
particles on hydriding-dehydriding cycles.

An alloy of rare earth elements with nickel, MmNis,
as the electrode in a fuel cell was used for the first time
by Lindholm [22] in 1966 and then by Dilworth and
Wunderlin [27, 28] in 1968. The term Mm (mischmetal)
represents a natural mixture of rare earth elements,
mostly consisting of Ce (30-52 wt%), La (13-25 wt%),
Nd, Pr or Sm (13-57 wt%), with amounts depending on
the place of origin [5]'. The LaNis-based electrode was
first used in the low-pressure nickel-hydrogen cell by
Dunlop and Stockel [29] in 1974.

In the ABs-type alloy, both La and Ni can be
replaced by other elements (Mm, Ce, Pr, Nd, Zr,

'The cost of Mm is much lower than that for La. The largest
mischmetal supplier is China



Hf—>La and Al, Mn, Si, Zn, Cr, Fe, Cu, Co—Ni),
thereby altering the hydrogen storage capacity, the sta-
bility of the hydride phase or the corrosion resistance,
etc. (see Table 2). Furthermore, a partial replacement of
the A and B components significantly changes the alloy
macrostructure, e.g. Mn facilitates nucleation [5]. Also,
as reported by Notten at al. [30], the stoichiometry of an
alloy influences its durability in the long-term hydriding-
dehydriding cycles. A typical ABs-type alloy, available
on the market and used in batteries, consists of at least
six different metals, c.g. Lao_64CeOV36Nd0,46Ni0.95Cr0_19-
Mng 4;Cog 15 (Hydralloy F) prepared at the Niirnberg
plant (Germany) [31]. Important work in the field of
hydrogen storage negative electrodes based on LaNis
has been done in Japan and the results are summarized
by Sakai et al. [3].

AB-, A,B-, AB/AB,- and AB,-type alloys

In AB-, A,B-, AB/AB,- and AB,-type alloys, the com-
ponent A represents elements belonging to Groups 3 or
4 of the Periodic Table, which form very stable hydrides,
while the component B may be the transition metals
from Groups 5-10, which determine the catalytic activity
and chemical stability of an alloy (some of them do not
form hydrides) [65, 66]. These alloys can roughly be
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1. Type A,B, AB and AB/A,B based on Ti,Ni and TiNi
[19, 23, 24, 67]; Beccu [23, 24] found a bell-shaped
curve for hydrogen uptake with a maximum in the
region where both alloys, TiNi and Ti,Ni, co-exist.

2. Type AB, (Laves-phase system) based on ZrNi,,
ZrV, and ZrMn,; the AB, alloys crystallize in a cubic
C15 and hexagonal C14 or C36 Laves phase structure
[68] (Table 3).

So far the AB and A,B alloys have obtained only
moderate importance as a consequence of a rather low
specific capacity due to decomposition upon hydriding-
dehydriding cycles. Better features, in particular for
practical use as rechargeable battery electrodes, have
been identified for AB,-type (Laves phase) alloys based
on Zr-Ti-V-Ni. The latter multi-component alloys
incorporate a lower amount of hydrogen per one
molecule unit than the LaNis-based alloys; however,
owing to their attractive catalytic activity, the available
rate capability of hydrogen sorption-desorption is
considerably higher compared with that of other
systems.

There have been many successful attempts to
improve the behavior of the parent AB,-type inter-
metallic compounds as hydrogen storage materials by
substituting part of the main elements, A and B.
Significant improvements of the AB,-type alloys have

arranged into two classes: been achieved by additives contributing to the
Table 2 Effect of composition on properties of ABs-type alloys
Composition Elements and their role Ref
Substitutions of A Zr, Ce, Pr, Nd decrease the unit cell volume, improve activation, high-rate discharge [1, 5, 32,
in ABs: La; ,M,Bs and cycle life, but increase the self-discharge owing to a higher dissociation 33, 34, 35]
pressure of the metal hydride. The use of Mm instead of La reduces the alloy costs
Substitutions of B A=La, Mm; M =Co, Cu, Fe, Mn, Al; 0<z<0.24. Ni with (1-z)>2.2 [36, 37, 38,
in ABs: A(Ni;_.M.)s is indispensable to prevent the decrease of the amount of absorbed hydrogen 39, 40, 41]
and the electrode capacity. Co decreases the volume expansion upon hydriding,
retards an increase of the internal cell pressure, decreases the corrosion rate
and improves the cycle life of the electrode, especially at elevated temperature
(40 °C), but increases the alloy costs. Substitution of Co by Fe allows cost
reduction without affecting cell performance, decreases decrepitation
of alloy during hydriding. Al increases hydride formation energy, prolongs
cyclic life. Mn decreases equilibrium pressure without decreasing the amount
of stored hydrogen. V increases the lattice volume and enhances the hydrogen
diffusion. Cu increases high rate discharge performance
Special additions to B A=La, Mm; M =Co, Cu, Fe, Mn, Al; B=Al, Si, Sn, Ge, In, Tl. The metals Al, [1, 42, 43, 44]
in ABs: A(Ni,M)s B, Si, Sn and Ge minimize corrosion of the hydride electrode. Ge-substituted alloys
exhibit facilitated kinetics of hydrogen absorption/desorption in comparison
with Sn-containing alloys. In, Tl, Ga increase overvoltage of hydrogen
evolution (prevent generation of gaseous hydrogen)
Non-stoichiometric A =La, Mm; B=(Ni,Mn,Al,Co,V,Cu). Additional Ni forms separate finely [30, 45, 46,
alloys: ABs_. dispersed phase. In MmBs5 5 the NisAl-type second phase with high 47, 48, 49,
electrocatalytic activity is formed. Alloys poor in Mm are destabilized 50, 51, 52,
and the attractive interaction between the dissolved hydrogen atoms increases. 53, 54, 55,
Second phase (Ce,Ni;), which forms very stable hydride, is present in 56, 57, 58,
MmB, gg. When (5-x) <4.8 the hydrogen gas evolution during overcharge decreases 59, 60, 61, 62]
Addition of alloys D=Mo, W, Ir; E=Ni, Co. DE; is a catalyst for hydrogen sorption-desorption [63]
with increased reactions
catalytic activity:
ABs+DE;
Mixture of two Mixing of two alloys characterized by various hydrogen equilibrium absorption [64]

alloys: A'B's+ A%B%

pressures increases the electrode performance
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Table 3 Hydride forming alloys with Laves phase structures

Examples Lattice parameters ra/r
¢ (A) a(A)

Hexagonal Cl14; ZrMn,, 7.9-8.3 48-52 1.225 (ideal); 1.12-1.26;
HP12; P63;/mmc; ZrCr,, TiMn, coexistence with C36
prototype: MgZn,

Cubic C15; CF24; TiCr,, ZrCo,, - 6.92-7.70 1.1-1.35

Fd3m; prototype: Cu,Mg
Hexagonal C36;

HP24; P63/mmc;

prototype: MgNi,

ZrMo,, ZrNi,
MgNiz, HfCrz -

- 1.12-1.26; coexistence
with C14

changes both in the unit cell volume and in the elec-
tronic structure, and, as a consequence, strongly
affecting the stability and stoichiometry of the related
hydrides [69]. A serious problem in the Zr-containing
alloy system is the formation of a compact ZrO, layer
on the sample surface. Owing to the low electrical
conductivity of this oxide the transport of hydrogen
into the catalytic sub-surface layer is impeded. This
disadvantage can be eliminated by a partial replace-
ment of Zr by Ti and/or Mn by Cr, but the hydrogen
storage capacity of an alloy decreases with increasing
additive content.

Typical AB,-type alloys for metal hydride electrodes
are often not only multi-element but also multi-com-
ponent and multi-phase systems. In a series of patents
applied for between 1984 and 1995, all assigned to
Energy Conversion Devices (Ovonic Battery Company)
[70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84,
85], a multi-component AB,-type alloy, Zr( ssTig45V0.55
Nio_gxcr().]5MH0A24COOA18FC()_O3, called the Ovonic alloy,
is described. This is a multi-phase structure, which
involves a specific grain phase for the reversible storage
of hydrogen and a primary inter-granular phase capable
of catalyzing oxidation of hydrogen. Many important
manufacturers of Ni-MH batteries operate at present
under agreements with the Ovonic Battery Company.
Ovonic Ni-MH electric vehicle battery packs have been
installed on a number of prototype electric vehicles,
like Solectria and Chrysler’s Tevan. Nevertheless, there
is a problem with the activation of the Ovonic alloy
during the first cycles of operation [4, 86, 87, 88] and
recent studies regarding similar alloy compositions
have focused on solving this problem [89, 90, 91, 92].
The hydriding-dehydriding behavior of AB,-type alloys
is strongly influenced by their composition and stoi-
chiometry, as well as by the microstructure of the
material particles and the presence of additives and
impurities [69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80,
81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95,
96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107,
108, 109, 110, 111, 112, 113, 114, 115, 116, 117, 118,
119, 120] (see also Table 4). An excellent explanation of
the role of various different additives in modification of
the properties of hydride-forming alloys has been given
by Doi and Yabuki [116, 117].

Selection of alloys for battery applications

For application purposes in batteries and battery-related
fields, hydrogen storage alloys must be characterized by
a high hydrogen capacity and moderate hydride stabil-
ity, as well as by an almost constant equilibrium pressure
during the solid phase (MH, to MHp) conversion and a
low sorption-desorption hysteresis. Usually, information
about these properties is inferred from pressure vs.
concentration (PC) isotherms (sometimes called PCT
characteristics), providing the dependence of the equi-
librium pressure of hydrogen, p(H,), on the amount of
hydrogen dissolved and/or incorporated in the solid
phase at various constant temperatures. Furthermore,
the PC isotherms are used to reveal various hydride
phases of alloy compounds. There are also some com-
mon criteria for the selection of constituents in a hydride
alloy composition, which are based on the physical
properties of individual elements and their hydrides
(electronic structure, atomic bond radius and unit cell
volume) ([69] and references therein).

The heat of hydride formation (AH) is an important
parameter characterizing the alloy as a proper hydrogen
absorber for various specific applications. Ovshinsky
et al. [122] have stated that if the AH value ranges
between —25 kJ/mol and — 50 kJ/mol, the alloy is suitable
for battery applications. Hong [121] has postulated that
the heat of alloy hydride formation should be between —
15 kJ/mol and —40 kJ/mol. When it is lower than —15 kJ/
mol, then the alloy hydride is not stable enough for
charging the MH electrode at room temperature. On the
other hand, the alloy hydride is too stable for the room-
temperature discharge when the AH value exceeds
—40 kJ/mol.

The nature of components and their ratio in the
designed hydrogen absorbing alloy, A,By,C., can be
assessed as follows [121]:

AH = [aAHAH + bAHpy + cAH cy +-~-]/(a+b+c+~--)

(2)
where AHay, AHgy, AHcy are heats of formation of
individual metal hydrides (see Table 5).

The enthalpy (AH) and, furthermore, the entropy
(AS) of hydride formation can be derived from the
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Composition Elements and their role Ref
ZrM,-type alloy. M=V, An increase of the V content increases the maximum amount of absorbed [97]
Cr, Mn, Ni. Zr(V.Ni;_,)» hydrogen. Ni substitution decreases the electrochemical activity of an alloy
Composite alloy, mixture of ZrNi, with RNis (R =rare earth element), [108]
shows improved characteristics in comparison with the parent compounds
ZrB,-type alloy. X=La or Ce; x=0.05. La and Ce do not dissolve in the Laves phase but [105]
ZrNi; »Mng ¢V .,Crg 1 X, precipitate in the matrix, improve the activation behavior of alloy
Over-stoichiometric alloy: during chemical pretreatment and increase discharge capacity
ZrV, sNij 5 In stoichiometric AB,-type alloy the distribution of A and B elements on [110]
the A and B sites is crucial for high hydrogen storage capacity; the
over-stoichiometric alloy, in which some of the V atoms move from
B to A sites, shows very high capacity
TiFe-type alloy: TiFe; ,Pd. Pd substitution increases both the lattice constant and the catalytic [106]
activity, decreases the plateau pressure
Vanadium-based alloys: M=Al, Si, Mn, Fe, Co, Cu, Ge, Zr, Nb, Mo, Pd, Hf, Ta. Phase structure [104]
V;3Ti(Ni;_M,), V3TiNi\M,, is composed of the V-based solid solution as the main phase and the
TiNi-based secondary phase; the addition of Co, Nb and Ta improves
cycling durability
Alloys with Hf (or Nb), Ta and Pd show higher discharge capacity. [109]
M =Hf improves the high rate capability. TiNi phase exhibits
high electrocatalytic activity
Substitution of A in AB,; Zr contributes to an increase of the amount of stored hydrogen and [93]
A=Zr+Ti: Ti,Zr,_Ni ; induces formation of the C15-type desired phase structure. Ti increases
Vo sMng,Feg» the equilibrium pressure of hydrogen and decreases the electrochemical
capacity
Electrodes without Ti, or a very low Ti content, exhibit excellent [103, 107]
cycling and electrochemical stability
Electrodes with Ti:Zr atomic ratio 2:1 display higher storage capacity [111]
than that with Ti:Zr =1:1, and higher electrochemical activity
Amount of C15 phase decreases with increasing x; at x=0.5 it is pure C14 [102]
phase, at x=0.75 it is 13% cubic bcc phase +87% C14 phase;
bee phase absorbs more hydrogen than the C14 hexagonal phase
Substitution of B in AB,: The Si,Mn-substituted alloys has C14 Laves phase structure. The Co, [112]
ZrygTig2(Vo3Nig Mo 1)2, Mo-substituted alloys form C15 Laves phase structure
Tig 35Z10.65Ni; 2Vo.sMng-Crg > Mn enhances the activation of an alloy during chemical pretreatment and [113]
increases discharge capacity. Co addition leads to the longest cyclic
lifetime. Cr addition reduces the discharge capacity but extends cyclic
lifetime; Cr controls the dissolution of V and Zr
Non-stoichiometric Increasing the Ni content decreases V-rich dendrite formations [89]
alloys ABj . i Zrg.495Tlg 505 Cl4-type Laves phase preserves an over-stoichiometric alloy and discharge [98]
Vo.771N1; 546, Tig gZr(>Nig ¢ capacity increases on increasing the amount of Ni
Vo.6aMng 4, ZrVgNij 2Mng 4
MgNi-based alloys Ni substitution with Zn increases the deterioration rate. Substitution of Fe, [114]

for electrodes. Optimum
ternary alloy: MgsoNigsMs
(M =Mn, Cu, Fe)

W, Cu, Mn, Cr, Al or C instead of Ni decreases both the deterioration
rate and discharge capacity. Ni substitution by Se, Cu, Co or Si decreases
both the discharge capacity and cycling life

temperature dependence of the hydrogen adsorption-
desorption isotherms by using the van’t Hoff relation:

In[p(H,)/p°] = AH/RT — AS/R (3)

where p(H,) is the equilibrium hydrogen pressure upon o
to f§ hydride phase conversion; p° is the standard pres-
sure, R is the gas constant and 7 is the temperature.

It was found that the C14-type Laves phase structure
with a large unit cell volume is formed in the multi-
component Zr- and Ti-based alloys if the electron den-
sities in the dsp and d orbitals are about 7 and 4.4,
respectively (Table 6) [79, 89, 115]. The basic Cl4
phases, TiMn, and TiCrMn, are themselves not suitable
for the intended applications in Ni-MH batteries be-
cause the unit cell volume of their crystal lattice is so
small in both cases that a hydride phase can be formed
only at very low temperatures. An important step in the

improvement of hydride stability and hydrogen capacity
in the investigated system is the expansion of the crystal
lattice by incorporating Zr, which has a larger metallic
radius than the parent elements [115].

The best way to attain fast kinetics for the hydrogen
electrode reactions is to enhance the intrinsic properties
of the alloy. Therefore, it is important to define the
activities of each of the alloying elements regarding the
hydrogen evolution and/or oxidation reaction. To im-
prove the catalytic activity of hydrogen storage materi-
als in alkaline solution, specially selected metal alloys
(so-called “Brewer” alloys) were predicted as additives
by taking into account the Brewer-Engel theory of the
electronic structure of intermetallic compounds in the
main alloy phase. These small additives should be
characterized by a higher melting point than the main
phase and by an ability to form intermetallic compounds
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Table 5 Characteristics of individual elements used in AB/AB2 alloys for metal hydride electrodes

No. in Element Mass Atomic | Density ~ Melting Valence Heat of hydride logjy Valence
Periodic number radius (A) (g/cm3) point (°C) electrons formation (kJ/mol) (A/cmz)
Table
13 Al 27 1.41 2.38 660 3s%3p! ~7 (AlH, 5), 10 3
—4 (AlH,)
22 Ti 48 1.488 4.50 1677 3d%4s? —68 (TiH,) 8.3 4,3
23 A 51 1.355 5.87 1917 3d34s? -35 (VHys) - 5, 4,2
24 Cr 52 1.285 7.14 1903 3d%4s! -6 (CrH), -8 (CrHo5) 11 6,3,2
25 Mn 55 1.366 7.30 1244 3d%4s? -8 (MnH, s) 8.6 7,4,2,6,3
26 Fe 56 1.26 6.90 1535 3d%s? +10 (FeHy s) 5.5 3,2
27 Co 59 1.25 8.71 1495 3d’4s? +15 (CoHy 5) 5.2 3,2
28 Ni 58 1.246 8.90 1455 3d%4s? -3 (NiHg.s) 5 2,3
29 Cu 63 1.275 8.93 1083 3d!%s! +46 (solut.) 6.3 2,1
40 Zr 90 1.60 6.40 1852 4d25s> -82 (ZrH,) - 4
41 Nb 93 1.47 8.57 2500 4d*5s! —38 (NbHy 5) 8.5 5,3
42 Mo 98 1.40 9.01 2620 4d°5s! +5 (MoH, s) - 6,3,5
57 La 13891  1.38 6.17 918 5d%s?> -97 (LaH,) - -3
72 Hf 180 1.585 11.4 1975 5d26s> —66 (HfH,) - 4

Table 6 Discharge capacity of selected AB, alloys with C14 Laves phase structure [115]

Alloy Number of electrons Number of electrons Discharge capacity Cell volume,

in dsp orbitals in d orbitals (mAh/g) AV (A?)
Zr()_(,sTi()_35Ni1_()V()_8Mn()_4 6.50 4.50 230 173.17
Zro_(,sTio_:;SNi1_2V0_6M1'10_2 6.80 4.80 247 171.91
Zr0‘65Ti0A35Ni1(2V0‘4M1’lo_4 6.93 493 210 170.76
Zr()_(,sTi()_35Ni()_()V1_4 6.60 3.66 — Three-phase aHOy

with Ni and Co. Fundamental work in this field has been
published by Jaksic [63]. Some examples of Brewer metal
alloys are given in Table 7.

Detailed information about the properties of indi-
vidual elements used in the preparation of Ti-Zr-V-Ni-
and LaNis-based hydride alloys are helpful in choosing
the appropriate component composition (Table 8).

Fullerenes and their hydrides

Fullerenes are synthesized in the gas phase at relatively
high temperatures, where carbon atom clusters are
formed with compositions from C, to Cg. These tend to
further assemble into fullerene molecules: Cgy, C79, Cga,
etc. [17]. The fullerene structure was first predicted

Table 7 “Brewer” alloys proposed for activation of metal hydride
alloys [63]

Alloy Structure Temperature
of formation (°C)

NizMn Fcc 620

NiMn tetrag 900

NizFe Fcc 480

Ni;Cr Fcc 800

NizV Fcc 1050

NizMo; NisMo; CosMo tetrag -

NigW; NizW; CosW - 980

theoretically by Osawa in 1970 [123], but it was not
experimentally found until much later, in 1985, by Kroto
et al. [124]. The synthesis and separation of fullerenes
was done by Kriftschmer et al. in 1990 [17].

A spherical cyclic alkene chain of fullerene, Cgp,
contains 30 conjugated double bonds with a variety of
closed and open graphene architectures. So far, fulle-
renes have found various applications in optics, chemi-
cal catalysis, sensors, batteries, fuel cells, gas storage,
separation science and as a host for other molecules. The
electrochemical hydrogenation of fullerenes can be
written as follows:

Ceo + xH,O +xe= — CeoH, + xOH™ (4)
For the completely hydrogenated fullerene, CgoHgp, the
theoretical capacity is 2234 mAh/g with a volumetric
capacity of 3820 mAh/cm?. Theoretical calculations
show that the most stable hydrogenated products of Cg
are CgoHoy, CgoHzg and CgoHyg. Owing to its unique
molecular structure, fullerene is the only form of carbon
which potentially can be chemically hydrogenated and
de-hydrogenated reversibly [17]. The 30 double C=C
bonds on each Cgo sphere could be opened up to form
C-H bonds under certain conditions; theoretical heats of
formation for Cgg and CeoH3e are 890 and 330 kcal/mol,
respectively. Thin film fullerene (Cg(/C7g) electrodes on
various substrates have been investigated [17], and a
discharge capacity of about 1600 mAh/g, corresponding



Table 8 Properties of individual elements for ABs and AB, alloys
[1, 5,32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48,
49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 69, 70, 71,
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72,73, 74,75,76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90,
91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106,
107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 117, 117, 117, 120]

Element Selected properties
La and Mm Forms stable hydrides (AH =-97 kJ/mol for LaH,)
Improves the electrochemical behavior of ABs and AB, alloys
Zr Forms stable hydrides (AH =-82 kJ/mol for ZrH,)
Absorber of gaseous O,, N,, CO,, etc.
Oxidizes quickly, forming compact passive oxide layer; increasingly loose when alloyed with Ti
High electrocatalytic activity
Ti Forms stable hydrides (AH=-68 kJ/mol for TiH,)

Complete solubility with Zr

Inhibits Zr oxidation

Oxidizes, forming loose passive oxide layer
Dissolution in KOH

When Ti replaces for Zr in AB, alloy, the plateau pressure of hydrogen increases, hydrogen absorption capacity
becomes smaller, but hysteresis in the PC isotherms decreases

A\ Forms stable hydrides (AH=-35 kJ/mol for VHg s)
On B site in AB, structure, improves hydrogen sorption capacity and kinetics
When on A site in AB,, the alloy hardly absorbs hydrogen
Both in AB5 and AB, alloys forms oxides soluble in alkaline solution
Increases the alloy surface owing to dissolution in alkaline solution

Ni Forms unstable hydride (AH =-3 kJ/mol for NiH, s)
Indispensable element because of its high electrocatalytic activity
Forms intermetallics, decreases the Me-H bond strength to a suitable level
Sensitive to corrosion and oxidation during cycling [forms Ni(OH),]
Decreases oxidation of Zr-Ti-V alloys and increases the discharge capacity
Excessively high Ni content leads to decrease in the discharge capacity

Cr Forms unstable hydride (AH=-6 kJ/mol for CrH, AH=-8 kJ/mol for CrHy s)

Inhibitor of vanadium corrosion
Influences on M-H bond strength in alloy
Good cycling properties

Easily forms TiCr, and separate bec phase with vanadium

Is not easily introduced in C14 phase

Fe Does not form hydrides (positive enthalpy of hydride formation, AH= + 10 kJ/mol for FeH, s)
Exhibits catalytic activity in hydrogen evolution from water solutions
Soluble in concentrated alkaline solution: forms oxo anions
In an electrolyte can be detrimental to the poisoning of nickel hydroxide
Increases plateau pressure of hydrogen absorption

Enhances the pulverization of an alloy

Forms unstable hydride (AH =-8 kJ/mol for MnH,, 5)

Increases the mutual solubility of the other elements during solidification
Substitution of Ni by Mn on the B site decreases the plateau equilibrium pressure of hydrogen, but hysteresis in the

PC isotherm becomes larger

Increases the electrode surface by dissolving in alkaline solution

Catalyst (in the form of multivalent oxides, especially when Fe is absent)

Addition of 6-8 at% to alloy results in increased hydrogen storage capacity, low cell pressure, high cycle life
Co Does not form hydrides (-AH = + 15 kJ/mol for CoH, s)

Decreases the dissolution of Mn (in ABs)

Improves the cycle life, decreases hydrogen absorption rate
Rises plateau pressure of hydrogen absorption in an alloy
Exhibits catalytic activity (CosMo) in hydrogen evolution
Al Forms unstable hydrides (AH=-7 kJ/mol for AlH, s, AH=-4 kJ/mol for AlH;)

Decreases the plateau pressure (in ABs)
Mo, B, Ta, W, Zr

Improve the electrochemical activity of the alloys ABs and AB,

to CgoHus, was measured. This is about four times
higher than for any metal hydride. Another advantage
of using the fullerene hydride system might be a very fast
charging time. Unfortunately, the cycle life of actual
fullerene electrodes is rather poor.

Alloy preparation

Hydride forming alloys (especially the AB,-type) are
characterized by high melting points and therefore two

types of furnaces, namely arc melting and induction, are
used for their melting. In a small-scale production,
where it is necessary to melt a great number of various
alloy compositions, e.g. in laboratories, direct arc melt-
ing is used. In this method, a pressed pellet (from pow-
ders of different metals mixed together) is melted by
direct contact with an electric arc in argon atmosphere.

The arc melting technique provides two main ad-
vantages over other melt processes: (1) great versatility
in terms of the types of materials, and (2) limited reac-
tivity during melting. The disadvantages of the arc
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melting method are as follows: (1) low efficiency and
hazardous preparation conditions; (2) for multi-com-
ponent alloys, multiple re-melting or prolonged anneal-
ing at high temperature is necessary in order to obtain a
homogenous distribution of components throughout the
volume of the pellet.

Electrically powered induction furnaces are used for
large-scale alloy production. This method is convenient
because bulk raw materials can be used instead of
powders and step-by-step addition of components can
be performed. The molten metal is poured from the
furnace by tilting or tapping the furnace and the metal is
then passed to the molds or different vaporizers.

A typical preparation scheme of the ABs-type alloys,
as described by a number of authors [30, 34, 36, 53, 54],
includes: (1) mixing the chosen materials in the given
ratio and pressing into pellets; (2) melting in an inert
atmosphere (argon) using arc or induction furnaces; (3)
fast cooling; and (4) crushing mechanically or using
hydrogen gas sorption-desorption cycles.

The production of the AB,-type alloys, according to
reports by the Ovonics company [73, 74, 75, 76, 77, 78,
79, 80, 82, 86], involves the following steps: (1) mixing of
starting components; (2) placing into a high-temperature
furnace and evacuating it to a pressure of 10> N m2; (3)
purging with argon and heating to the temperature
sufficient to melt the alloy; (4) mixing of additives with
the melt (if necessary) and removing impurity slag and
oxides; (5) prolonged annealing in a vacuum or an argon
atmosphere at temperatures close to the melting point,
where homogenization proceeds; (6) cooling of solid
ingot form prior to removal from the autoclave; (7)
comminution using hydrogenation in a vacuum pressure
vessel followed by cooling in an inert atmosphere (Ar);
and (8) further comminution with ball milling in an inert
atmosphere and at low temperature.

Amorphous metal alloys

Amorphous metal alloy materials have gained great in-
terest since the 1980s owing to their unique combina-
tions of mechanical, chemical and electrical properties.
This might be attributed to the disordered atomic
structure that ensures chemical homogeneity and the
lack of extended defects in these materials. Hydrides
made of the amorphous metal alloys are sometimes ca-
pable of absorbing larger amounts of hydrogen than
their crystalline counterparts under similar experimental
conditions (for example, TiCu and ZrCu). Sapru et al.,
Grasselli et al. and others [75, 125, 126, 127, 128, 129,
130, 131] used amorphous alloys to prepare hydrogen-
absorbing electrodes. Different amorphous electrode
materials have been tested for application in electro-
chemical power cells, including Ni-Mg alloys, which
typically cannot be charged electrochemically. Disor-
dered metal alloys, useful for the preparation of
the hydrogen-absorbing electrodes, can be obtained in
different ways using electron beam deposition, ion

implantation, chemical reduction, thermal decomposi-
tion, ion cluster deposition, ion plating, liquid quench-
ing, gas atomization, solid state diffusion, RF and DC
sputtering and mechanical alloying [124, 125, 126, 127,
128, 129, 130, 131, 132, 133, 134, 135, 136, 137].

The discoveries of the technical possibilities and
methods mentioned above allowed production of hy-
drogen-absorbing electrodes from the lightest metals,
like Mg and Li, which are known to form hydrides with
the highest available capacity. Until that time, they were
not actively developed owing to chemical and metal-
lurgical problems, electrochemical instability, etc. Mg-
Ni based materials appeared to be more amenable to
rapid solidification and mechanical alloying techniques.
The latter technique opened up new possibilities for the
syntheses of materials from elements previously not
compatible, i.e. Mg-La-Ni [136, 137]. Some of these
techniques will be discussed below.

Pulverizing from the melt (gas atomizing method)

The hydrogen-absorbing alloy particles of uniform size
were manufactured from the melt by a pulverizing
method [126, 127, 128, 129, 130, 131, 132]. A molten
alloy was supplied in vacuum (or under cooling gas
atmosphere) to the running surface of a rotor moving
at a high speed. This dispersed the molten hydrogen-
absorbing alloy in the form of very fine particles (by
the kinetic energy of the rotor) and, at the same time,
solidified it rapidly. The surfaces of such grains are
smooth, without edges or ridges. The methods used
for fast cooling include rotary disk, rotary nozzle,
single and twin roll, and the inert gas atomizing
method. The gas atomizing method was analyzed
theoretically by Grasselli et al. [127] in application to
the formation of amorphous metal alloys A,B,M Ny
(A=Pt, Pd; B=Zr, Ti, Ca, Mg; M=Ni, Co, Mn; N=Zr,
Ti, Ca, Mg, N, C, Ge, P, As, Sb, Pb, Sn, Si, W). The
incorporation of component A in the composition
protected the surface from passivation and made the
product more active in the hydrogen absorption-
desorption reaction. The incorporation of the fourth
component, N, in this composition ensured -easier
formation of the amorphous phase. Based on the
hydriding characteristics of some ABs alloys produced
by high-pressure gas atomization [129], it was found
that hydrogen gas storage capacities and the equilib-
rium pressures are nearly identical to the alloys pre-
pared from an ingot. Alternatively, Lim et al. [128]
reported that atomized alloys show lower specific
capacity and slower activation with cycling than the
corresponding non-atomized alloys.

Thin amorphous films

Sputter deposition of ABs-based alloys to obtain
amorphous films was used by Sakai et al. [134] and Li



and Cheng [135]. The presence of Mn in the alloy in-
fluenced the formation of microcrystalline films. Sapru
et al. [125] and Machida et al. [197] investigated Ti-Ni
thin film electrodes and observed very high electrocata-
lytic activity due to a well-developed active surface and
the electrocatalytic activity of Ni. Recently, Mg-Ni
based thin films (1-3 um) were deposited on Ni sub-
strates using a RF sputtering method [136]. The com-
pOSitiOI’lS Mg54Ni42CO4 and Mg52A3Ni45A2C02A5 showed
the highest available capacities, 408 mAh/g and
629 mAh/g, respectively. However, the degradation
during cycling was very rapid.

Mechanical alloying method

This method of producing hydrogen-absorbing alloys
was introduced a few years ago [129, 137, 138, 139,
140, 141, 142, 143, 144, 145, 146, 147]. The formation
of a metal hydride during the ball milling process was
first observed by Chen and Williams ([138] and ref-
erences therein). They found the formation of a TiH; o
phase in the early stage of Ti milling in ammonia.
This suggested that mechanical alloying could proba-
bly be a simple method for the production of metal
hydride powders with any composition. The starting
materials for ball milling are elemental powders, and
the reaction atmosphere used is hydrogen or argon.
Especially hardened steel balls were used and typical
milling times were from 10 to 100 h. The observed
decrease in hydrogen pressure during the first hours of
milling of the pure metals (Zr, Ti, Mg, etc.) and/or
their composites showed substantial absorption of
hydrogen into the metal particles. Typical dimensions
of the alloy particles after prolonged milling (at least
20 h) were under 1 pum. Because as-cast Zr-Ti-Ni
based alloys showed slow activation, the composite
particles with pure nickel on the surface of a Zr-Ti
based Laves phase compound were prepared by means
of mechanical ball milling [140, 143, 144]. X-ray
analysis revealed that nickel particles were situated on
the surface of the AB, alloy grains and, at the same
time, some fresh surfaces were simultaneously gener-
ated. This not only increased the discharge capacity
but also the activation in alkaline electrolyte. Ti-
Fe alloys showed an amorphous state after 40 h of
ball milling, whereas Zr-Cr alloys revealed a mixture
of nanocrystalline ZrCr, and an amorphous state
[143]. Alloys of magnesium have high gravimetric
capacities but at the present time there are no known
methods for the application of these electrodes in
rechargeable batteries. Recently, use of the mechanical
alloying method showed that it is possible to make
alloys of most materials, including Mg [130, 141, 145].
Electrochemical measurements indicated that only
an amorphous phase in MgNijg_, alloys could
electrochemically absorb and desorb hydrogen at
room temperature [145], with capacities over
350 mAh/g.
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Sintered, non-sintered and Raney-type
M/MH electrodes

The practical energy densities of electrode materials used
in energy storage device electrodes are always lower
compared to the theoretical values because finite
amounts of binders and conductive particles are neces-
sary to enhance the electrical and mechanical properties.
Generally, to characterize the overall electrochemical
properties of the metal hydride electrode, all constitu-
ents should be taken into account. For example, it is
known that nickel and copper, two typical additives for
metal hydride electrodes, also form hydrides themselves
[148, 149, 150].

Non-sintered electrodes are mostly formed using
ABs-type alloys [7, 18, 32, 34, 43, 44, 49, 50, 51, 151,
152]. To prepare negative electrodes with a satisfactory
performance, the hydrogen-absorbing alloy particles
(grains with dimensions 20-30 um) are mixed with
binder (ranging from 0.1 to 7 wt%) and an electrically
conductive material (from 0.1 to 4 wt%) and a slurry is
then formed, fixed to the current collector. Polyacrylates
(sodium, ammonium or potassium polyacrylate), fluo-
rine resins [polytetrafluoroethylene (PTFE)], aqueous
poly(vinyl acetate) (PVA) solution and carboxymethyl
cellulose (CMC)] are the most used binder materials.
The electrically conductive materials usually used are
activated carbon, acetylene black, graphite and nickel
and/or copper powders. The electrically conductive
admixture present in an anode can be formed on a
two-dimensional structure such as a punched metal or
expanded metal mesh, or on a three-dimensional struc-
ture like a foamed metal, sponge nickel (porosity 90%),
mesh-like metal fiber or flake-type copper or nickel
powder, thus forming a laminated network structure
during pressing [52, 152].

The electrochemical performance of metal hydride
electrodes is strongly influenced by the initial particle
size of the alloy powder, by the type and the amount of
the conductive additive and also by the thickness of the
electrode [153, 154, 155, 156]. For example, an AB,
electrode with 1 wt% carbon black has better stability
than the same electrode with 20 wt% Ni powder [154].
Ziittel et al. [153] compared two powders (Cu and Ni) as
conductive materials for metal hydride electrodes. The
heat conductivity of nickel is about five times smaller
than that of copper, whereas the electrical resistivity is
higher and nickel is more sensitive to oxidation than
copper. AB- and AB,-type Laves phase alloys are
mainly subjected to the sintering process [56, 75, 77, 81].
In this process an alloy powder is mixed with a sintering
component (2-10 wt% of nickel powder or nickel
carbonyl) and a binder resin [i.e. polyethylene, CMC,
poly(vinyl alcohol) (PVA)] added until a homogeneous
paste is obtained. Then, the paste is placed in a
conductive core material and dried in vacuum, pressed,
molded and finally sintered in vacuum at a temperature
of 700-1200 °C. During sintering, the resin binder is
thermally decomposed at 400 °C.
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In 1965, Wolf [21] patented an alkaline battery with a
Raney-metal hydrogen electrode. He founded that
freshly activated Raney nickel could contain hydrogen
in atomic form which corresponds to the compound
Ni,H, rather than to NiH. The “Raney metal structure”
represents a three-dimensional porous structure which is
formed by two components dissolving one in the other.
Possible active metal components of a Raney electrode
are Fe, Co, Ni or Pd, whereas inactive components are
Al, Zn or Mg. For example, Beccu and Siegert [19]
prepared a Raney-type electrode from TiNi and TiNij
alloys. TiH, powder (particles with diameter less than
20 um), Ni powder (d <40 pm) and sodium silicate as
starting components were mixed to form the paste and
coated on a Ni substrate. After drying and annealing in
a H, atmosphere at 900 °C, the sodium silicate was
dissolved with a NaOH solution (10%). Wojcik et al.
[160, 161] optimized the composition of a Ni-Al alloy to
make a Raney-type hydrogen storage electrode. It
should be noted that the volume of hydrogen electro-
sorbed in the nickel electrode depends greatly on the
preparation method and the presence of surface poisons.
These effects were studied by Baranowski and Smia-
lowski [157, 158, 159].

A composite-coated metal hydride electrode was
proposed by Kleperis et al. [161, 162], based on the well-
known composite-coated electrodes used for water
electrolysis [163, 164, 165]. During plating, the hydro-
gen-absorbing alloy particles were co-deposited on the
cathode together with the electroplated nickel and a
uniform layer was obtained. As a result of this procedure
the following goals were achieved: (1) the effective en-
capsulation of the alloy particles and (2) the presence
of a catalytically active material on the surface of the
alloy particles (electroplated nickel [148]). Preliminary
results showed that only the electrodes with the ABs-
type alloy could be charged with hydrogen in this
composite layer.

Studies on the charge-discharge efficiency of metal
hydride electrodes based on La and Mm (i.e. [1, 3, 7])
showed that oxide formation, dissolution of selected
elements (by decomposition or chemical disproportion-
ation) and the pulverization of an alloy are the three
most serious problems in using the hydride electrodes. A
simple solution to these problems was to enrich the grain
surface with catalytically active compounds (platinum
black, NizM (M =W, Mo, Mn, V) [7, 63]) or to perform
microencapsulation (see, e.g. [7]). The encapsulation
method was introduced to preserve the alloy grains from
disintegration due to volume changes occurring during
the charge-discharge cycling, and to keep the surface
electrochemically active. Electroless coating methods for
nickel, copper and duplex nickel (Ni-P+ Ni) were ap-
plied to preserve ABs as well as AB, alloys [7, 166, 167,
168]. The main deficiency of AB, alloys (including Ov-
onic alloys) is their difficult activation in the first cycles.
Although the Ni and Cu coatings for the AB, alloys
were shown by Jung et al. [169] to be very useful, despite
the activation problems, most other researchers use

activation of AB, alloy particles in hot alkali [3, 4, 91,
101, 169, 170].

The surface treatment of metal hydride electrodes
plays an important role in the performance character-
istics (discharge capacity, cyclic life stability). A slow
pretreatment activation rate of Zr-based AB, metal
hydride electrodes is one of the reasons for their slow
commercialization. Also the performance of ABs-type
metal hydride electrodes needs further improvement.
Therefore, a number of papers have been devoted to the
activation and surface properties of metal hydride elec-
trodes [166, 167, 168, 169, 170, 171, 172, 173, 174, 175,
176, 177, 178, 179, 180, 181, 182, 183, 184, 185, 186, 187,
188]. Recently, fluorination of hydrogen storage alloys
was found to be effective for the improvement of the
durability and the initial discharge characteristics of
hydride electrodes [17, 178]. Fluoride layers on an alloy
surface contribute to the selective permeability of hy-
drogen molecules in the gas-solid reaction and provide a
protective barrier against impurities such as water
vapor, carbon oxides, air and others. For the AB,- and
ABs-type alloy electrodes, the fluorination process con-
siderably improves the initial charge-discharge charac-
teristics (removal of the oxide layer from the surface) as
well as the durability of the MH electrodes. A new
technique was developed by Sakashita et al. [178] to
implant metallic Ni in the fluoride layer. Some methods
have been proposed for improving the pretreatment of
alloys [1, 2, 3,4, 5,6, 7, 89, 98, 166, 167, 168, 169, 170,
171, 172, 173, 174, 175] and hydride electrode materials
[176, 177, 178, 179, 180, 181, 182, 183, 184, 185, 186,
187, 188], which are collected in Table 9.

Electrochemical properties of hydrogen
storage metals and alloys

The reversible charging and discharging of the hydro-
gen absorbing-desorbing electrodes has been reported in
a large number of papers [91, 92, 157, 158, 159, 189,
190, 191, 192, 193, 194, 195, 196, 197, 198, 199, 200,
201, 202, 203, 204, 205, 206, 207, 208, 209, 210, 211,
212, 213, 214, 215, 216, 217, 218, 219, 220, 221, 222,
223, 224, 225, 226, 227, 228, 229, 230, 231, 232, 233,
234, 235, 236, 237, 238, 239, 240, 241, 242, 243, 244,
245]. The Pd-H system has been used as a classical
model for the calculation of the physical and chemical
properties of hydrides (see, for example, [209, 210, 211,
212, 213, 214] and references therein). However, a large
specific gravity and a high cost were the two main
reasons for searching for other hydrogen-absorbing al-
loys. Palladium absorbs hydrogen very easily from the
gaseous as well as from the aqueous-liquid phase. Only
with the palladium electrode is it possible to realize
reversible hydrogen absorption-desorption (injection-
extraction) at room temperature without surface cor-
rosion. Furthermore, the electrochemical properties of
palladium have been extensively examined [157, 158,
159, 189, 190, 191, 192, 193]. One of the important
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Table 9 Methods proposed for improving pretreatment of alloy and hydride electrode materials

Activation of grains in metal hydride alloy [1, 2, 3, 4, 5, 6, 7,
89, 98, 166, 167, 168, 169, 170, 171, 172, v, 173, 174, 175]

Activation of the surface of hydride electrode [176, 177, 178,
179, 180, 181, 182, 183, 184, 185, 186, 187, 188]

Coating the surface of alloy particles with powdered metals
(Cu, Ni, Co, Fe, Zn, Cd), the dimensions of which are much
smaller than alloy grains

Electroless plating of the alloy particles with Cu, Ni, Pd,

C or In layers

Immersion of alloy in hot alkali solutions, when the thin
porous oxide (hydroxide) layer is present on the
alloy particles’ surface

Annealing of micropowdered alloy in an oxidizing atmosphere
(close to 100 °C and 100% RH) and fast cooling of the
hydrogen-absorbing alloy in an atmosphere including steam.
The surface of the powder particles is coated with porous
oxide membrane containing OH radicals and further
corrosion is restricted

Coating the electrode surface with mercury oxide (up to 2 wt%),
which improves the hydrogen absorption efficiency at low
temperatures

Coating of a thin Cd film on the surface of the hydrogen-
occluding electrode increases about twice the specific capacity

Fluorination of electrode to remove oxides and to form
a protective barrier on the surface of the electrode

Etching an anode in alkaline solutions at a sufficiently
anodic potential to remove a part of surface oxides. Treating
ABs electrode in alkaline solution containing H,O,
to dissolve hydroxides of cobalt

problems in the study of the electrochemical behavior of
palladium is the generation of electrosorption-desorp-
tion hydrogen currents which are a few orders of
magnitude higher than those of the surface processes.
This problem was eliminated by Czerwinski et al. [246,
247, 248] by the use of a thin layer of palladium de-
posited on a neutral matrix. In this way the currents
obtained for the oxidation of absorbed hydrogen are
limited and controlled by the Pd electrode thickness.
These types of electrodes have been called limited vol-
ume electrodes (LVEs) [249]. It was found that the
hydrogen (and deuterium) sorption capacity of Pd,
electrochemically measured as a H(D)/Pd ratio, depends
significantly on the sweep rate in cyclic voltammetric
experiments and also on the thickness of the LVE. Two
different mechanisms for the hydrogen desorption re-
actions, namely the electrochemical oxidation and the
non-electrochemical recombination step, have been
postulated to take place in parallel within the Pd-LVE
[250]. Experimental results have also proved the pres-
ence of a subsurface layer of absorbed hydrogen which
was theoretically postulated in the literature [251, 252].
The incorporation of alkaline cations into palladium
from basic solution during hydrogen electrosorption
processes was also suggested [253]. The LVE method
has been applied to studies of hydrogen electrosorption
in Pd-Ni alloys [254].

Recently, attention has been paid to the improve-
ment of the properties of the hydrogen storage alloys
used as the negative electrode in nickel-hydrogen bat-
teries. The kinetics of the electrochemical hydriding-
dehydriding reactions is discussed in several articles
[8, 91, 92, 194, 195, 196]. However, the results pre-
sented by various authors cannot be directly compared
because of different sample preparation conditions. It
was found that the activity of the metal hydride elec-
trode depends not only on an alloy composition [7, 30,
36, 75, 85, 123, 126, 138, 197] but also on the sintering
materials [153, 154, 155, 156], as well as the prepara-
tion and/or activation pretreatment of the electrode
material [177, 178, 179, 180, 181, 182, 183, 184, 185,

186, 187, 188]. Only a small number of investigations
have been performed on smooth alloy surfaces (e.g.
[198, 199, 200]).

Electrode reactions

The main basic reactions which occur during charging
and discharging of the metal hydride (MH) electrode in
an alkaline solution can be expressed as follows: [8, 193]:

1. electrosorption-desorption of hydrogen at the solid
phase-solution:
M+ H,O +e”

< MH,4s+OH™ (Volmer reaction)

(5)

2. hydriding — dehydriding of the solid phase (solid state
transfer of hydrogen):

MH,gs < MH,
MH, < MH;

(6)
(7)

where M =metal or multimetallic alloy forming the hy-
dride, H,q4s, H, and Hy denote the hydrogen atoms ad-
sorbed on the electrode surface, in the bulk of the
electrode material and in the metal hydride lattice,
respectively.

On charging, the hydrogen ad-atoms are generated
on the electrode surface by the electroreduction of water
molecules (Eq. 5). Most of these move by diffusion into
the interior of the electrode material, forming a solid
solution in the host lattice (MH,, phase in Eq. 6); finally,
on attainment of a certain limiting concentration of
hydrogen, a metal hydride (MH; phase in Eq. 7) starts
to develop [1, 7, 9, 209]. Additionally, if the hydrogen
penetration and incorporation into the bulk of the solid
phase proceeds far slower relative to the initial
charge-transfer step, then the H ad-atoms participate in
chemical and/or electrochemical recombination steps
(Egs. 8 and 9), resulting in evolution of molecular
hydrogen:
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2MH,q < Hy+2M (Tafel reaction) (8)
MH,+H,O +e”
< Hy+OH +M  (Heyrovsky reaction) 9)

The Volmer-Tafel mechanism for H, evolution has been
well demonstrated on palladium and its alloys as well as
on numerous hydrogen sorbing LaNi5 and Ti-Zr-V-Ni
based alloys [3, 7, 8, 192, 193, 194, 195, 196, 197, 198,
199, 200, 201, 202, 203, 206, 207]. The Volmer-
Heyrovsky mechanism was also assumed for Ni-Mo
alloys [255].

During the electrode discharge, the above reactions
(Egs. 5, 6, 7, 8, 9) run in the reverse direction. The hy-
drogen atoms released from the hydride phase, and/or
formed at the electrode surface owing to the dissociative
chemisorption of molecular hydrogen, undergo elect-
rooxidative desorption. Any decrease in the surface
concentration of H ad-atoms induces diffusion of hy-
drogen from the bulk of the hydride phase towards the
electrode-solution interface.

Note that hydrogen evolution reduces the efficiency
of the hydriding-dehydriding cycles of the MH elec-
trodes. Therefore, it is necessary to develop such alloy
materials for which the Volmer reaction and hydrogen
diffusion in the bulk of the electrode material should
proceed faster relative to the Tafel and/or Heyrovsky
reactions.

Equilibrium and kinetics in the M/MH system

Electrochemical PC isotherms for hydrogen storage
alloys are acquired by monitoring the equilibrium po-
tential (Eppeq) as a function of hydrogen content in
the solid phase during the successive charge-discharge
cycles. The Eyyeq value of the MH electrode in alka-
line solution, as measured with respect to the Hg,HgO/
OH™ reference electrode, is converted to equilibrium
pressure of hydrogen [in the sense of cavity pressure,
p(H»)] on the basis of the Nernst equation [7, 199, 204,
205]:

EMH.eq) = E°(H2O/Hy) — E°(Hg,HgO/OH™)
— (RT/2F)In[a(H,0)/a(H,)]
— E°(H,O/H,) — E°(Hg,HgO/OH")
— (RT/2F) In{[a(H,0)/y(H,)]
x [p(H2)/p°]} (10)

where E°(H,O/H,) and E°(Hg,HgO/OH") are the
standard potentials of the H,O/H, couple and
Hg,HgO/OH™ redox couples (at pH 14), respectively;
a(H»0) is the activity of water, a(H,) is the activity of
hydrogen, y(H,) is the fugacity coefficient of hydrogen,
and p° is the standard pressure. Taking the values of
7(H») and a(H»O) for the MH electrode in 6 M KOH at
T=293 K under p=1.032 x 10> N m 2 [205], the re-
lationship between Eny q and p(H,) is as follows [199]:

Em eq(vs. Hg,HgO/OH™)

= —0.9324 — 0.0291 log[p(H,)/p°] (11)
One should notice that the PC isotherms reported for
La-Ni-M and Zr-Ti-V-M (M =Mn, Cr, Cu, Ni) alloy
electrodes are in good agreement with those obtained
using the Sievert procedure in a solid phase-gas system
[91, 92]. The equilibrium electrode potential is shifted
to the positive direction for the metal hydrides of high
stability and low equilibrium hydrogen pressure within
the plateau region (the MH, to MHy transition) of the
PC isotherm. However, it becomes more negative with
decreasing M-H binding energy and increasing p(H,).
The advantage of the electrochemical technique is
that it allows an evaluation of the equilibrium hydro-
gen pressure over a wide range from 10° N m 2 to
10’ N m? while using only a small amount of the
charged or discharged MH material. However, at the
present time, electrochemical isotherm data are still
rather scarce.

The hydrogen pressure in the plateau region of the
PC isotherms, directly related to the M-H interaction
energy, together with the maximum hydrogen content in
the metal hydride, determine the coulombic charge-dis-
charge capacity and thus the energy stored in the MH
electrode. In general it is difficult to charge an electrode
material characterized by a relatively high p(H,), as from
about £=-0.93 V most of the charge is consumed in the
generation of gaseous hydrogen. Only a limited hydro-
gen storage capacity, because of hydrogen evolution
during the electrode charging, is found for intermetallic
compounds and alloys forming unstable hydrides, with
p(H,) above 5 x 10° N m 2. On the other hand, a re-
duced discharge capacity has been reported for electrode
materials forming exceedingly stable hydrides, with
p(H>,) lower than 10®° N m 2. This can be explained by
the oxidation of the metallic phase owing to the positive
shift of the equilibrium potential of the hydrogen storage
electrode. According to Iwakura and Matsuoka [3], the
desirable p(H,) value for hydride electrodes should lie in
the range between 1 x 10* N m 2 and 5x 10° N m 2.
This can be achieved by the appropriate selection of
both the composition and stoichiometry of the alloy
used as the electrode material.

There there has been some research on the effect of
the electronic and crystallographic structure of ABs
and AB, alloys on the stoichiometry and stability of
the hydride phase ([69] and references therein). The
amount of hydrogen absorbed in the plateau region of
the PC isotherms, as well as the value of the equilib-
rium pressure during the MH,, to MHy transition, has
been shown to be dependent on the density of the d
states and the energy of the Fermi level in the alloy
electronic structure, as well as on the unit cell para-
meters and the unit cell volume of the host lattice.
However, in spite of considerable experimental evi-
dence already collected, further studies are needed in
order to obtain a better understanding of the various
factors that influence the metal-hydrogen equilibrium



and the relative reaction rates of hydride formation and
hydrogen evolution.

Apart from thermodynamic properties, an important
criterion for selection of the M/MH system for practical
use in electrochemical energy conversion devices (i.e. in
Ni-MH batteries) is the kinetics of the hydrogen elec-
trosorption-desorption on the alloy/electrolyte interface
and within the bulk of the solid phase (Egs. 5, 6, 7, 8, 9).
This is reflected in the value of the apparent exchange
current density (j) and/or activation resistance (R,=
(dJ/dn),=0), being a measure of the catalytic activity of
an alloy [3, 8, 193, 194, 197, 203, 207, 208, 217], as well
as in the hydrogen diffusion coefficient (D) and/or dif-
fusion resistance (Rp) which characterize the mass
transport properties of the M-H electrode. Obviously,
increasing the exchange current density and/or the hy-
drogen diffusivity increases the discharge capacity and
the charge-discharge efficiency of the hydrogen storage
materials in Ni-MH batteries. The same effect can be
achieved by decreasing the activation enthalpy of the
charge transfer reaction (AH*). The AH* value can be
directly determined from the electrochemical impedance
spectra [234].

Generally, the relative rate of the individual reactions
(Egs. 5, 6, 7, 8, 9) and, consequently, the coulombic
efficiency of hydrogen entry-withdrawal in a M-H sys-
tem, strongly depends on the magnitude of the metal-
hydrogen interaction energy. The electroreduction of
water molecules (Eq. 5) becomes faster on increasing the
energy of hydrogen adsorption, whereas the rate of hy-
drogen evolution (Eqgs. 8 and/or 9) decreases. The op-
posite is true for the back direction of these reactions
[199].

Holleck and Flanagan [208] have shown that the ex-
change current density (j,) obtained on Pd and Pd-Au
electrodes was a function of hydrogen concentration in
the bulk. Yayama et al. [217] noticed similar results for
TiMn, s and proposed a simple theoretical model to
describe both the j, value and the equilibrium potential
(Emm.eq) as a function of the H/M ratio. More recently,
this model has been used by Yang et al. [194] for the
evaluation of the equilibrium between the hydrogen
adsorbed on the electrode surface and the hydrogen
absorbed in the bulk of the solid phase.

Table 10 summarizes the j, values for electrosorption-
desorption of hydrogen obtained so far on intermetallic
compounds and multi-metallic alloys in an alkaline
medium. Unfortunately, a simple comparison of the
data reported by various research groups is very difficult
owing to a strong influence of the sample preparation on
the degree of hydrogenation of the solid phase and, thus,
on the measured values.

Presently, there is no doubt that the electrocatalytic
activity of hydrogen storage alloys is influenced both by
the crystallographic and electronic structure. For pure
metals, a theoretical approach is possible but for the al-
loys only qualitative considerations have been made so
far [63, 210]. A strong correlation between the stability of
intermetallic compounds and their hydrides is suggested
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Table 10 Exchange current density for hydrogen sorption-desop-
tion at hydrogen storage electrodes

Alloy Exchange current Ref
density, jo
MmB; 46.2 mA/g [3]
MmB;5 ¢ 10 mA/g [3]
Mm(Niz ¢Mng 4Aly 3C00.7)0.88 520 mA/g [206]
Mm(Niz sMng 4Aly 3C00.7)0.96 560 mA/g [206]
Mm(Niz sMng 4Aly.3C00.7)1.00 600 mA/g [206]
Mm(Niz ¢Mng 4Aly 3C00.7)1.12 720 mA/g [206]
MmNij; sCog 1Al (Cu) 1.3 pAjem? [8]
Mmy sLag sNi,Cos (Cu) 0.8 pA/cm? [8]
MmNis smooth surface 200 pA/cm? [198]
LaNis smooth surface 316 pA/cm? [198]
LaNis (PTFE) 10 pA/cm? [8]
LaNis (Cu) 4 pAjem? [8]
Lag sCe»Ni,Cos (Cu) 4 pA/em? [8]
Lay 7Nbg 3Niy 5C0, 4Crg1 (Cu) 1.6 pA/cm? (8]
LaNi, sCo, s (Cu) 1.3 pAjem? [8]
LaNi, sCo, 4Mng ; (Cu) 0.8 pA/cm? [8]
Ni smooth surface 7.9 pA/jem? [198]
Ni thin film (100 nm) 1.4 pAjem? [203]
Ni wire 0.45 pA/em? [203]
Ni (PTFE) 10 pA/cm? [8]
Pt smooth surface 1 mA/cm? [198]
Pd smooth surface 126 pA/cm? [198]
TiMn, s crystalline at low cy 1.45 mA/cm? [217]
TiMn, 5 crystalline at high ¢y 14.2 mA/cm? [217]
CeCos (PTFE) 25 pAjem? [8]
CeCo,Ni (PTFE) 100 pAjcm? [8]
CeCoNi, (PTFE) 200 pA/cm? [8]
CeNi; (PTFE) 631 pA/cm? [8]
LaNis thin film (200 nm) 0.58 pA/cm? [203]
Nig.11Tig g9 thin film (200 nm) 2.1 pA/jem? [203]
Nig.76Tig.24 thin film (150 nm) 2.6 pA/em? [203]

[63, 210]. In accordance with the Engel-Brewer theory of
intermetallic bond stability, Jaksic [63] has pointed out
that a synergistic effect in hydrogen electrosorption-
desorption should arise by alloying metals having unoc-
cupied d-band states with those having internally paired
d-electrons. According to Ezaki et al. [210], the adsorp-
tion properties of the electrode surface can be explained
by changes in the Fermi level in an alloy compared with
pure metals. Nevertheless, such relationships are not al-
ways satisfactory for pure metals [210].

The charge-discharge performance of hydrogen
storage electrodes may be strongly limited by transport
properties of metal hydride electrodes. An evaluation of
the hydrogen diffusion from the alloy surface into the
lattice sites within the bulk of electrode material and/or
in the back direction is a complex problem, because it is
influenced both by a micro- and macrostructure of an
alloy [189, 190, 191, 192, 193, 194, 195, 196, 197, 198,
199, 200, 214, 215, 216, 217, 218, 219, 220, 221, 222, 223,
224]. One has also to bear in mind that, for metal hy-
drides, the Fickian diffusion model might not be ap-
propriate [216]. The diffusion of hydrogen into the bulk
of electrode materials can occur in two ways, either as
the random walk of a single atom (Einstein diffusion) or
as a net flux in a concentration gradient (Fick’s diffu-
sion) [41].
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So far, a broad scope of mass transport data have been
reported only for Pd- and LaNis-based alloys [225, 226,
227, 228, 229]. The diffusion coefficient of atomic hy-
drogen in the solid phase was shown to be dependent on
the strength of the metal-hydrogen interaction and the
hydrogen concentration in the bulk (cy). Wicke et al.
[190] derived the thermodynamic factor g(®g), reflecting
the effect of the ¢y value on the experimentally measured
diffusion coefficient of hydrogen atoms in the hydride
phase (Dy®*P) in relation to the real diffusion coefficient

(Dn):
9(®u) = D" (On)/Du

where @y is defined by the ratio Oy = cy/cH.max (CH.max 1S
the maximum possible concentration of hydrogen atoms
in the metal and/or alloy).

Feldberg and Reilly [216] suggested a simple and
straightforward relationship between the rate of hydro-
gen transport and the equilibrium pressure of hydrogen
in the plateau region of PC isotherms. The authors de-
veloped a mathematical formalism for a synthetic iso-
therm, which can be relatively simply computed from
the experimental isotherm. The activation energies of
hydrogen diffusion estimated for LaNis and Mg,Ni were
275 meV and 460 meV per hydrogen atom, respectively.

According to Sakamoto and Ishimaru [218], the dif-
fusion coefficient of hydrogen in a solid solution o-MH
phase is not influenced by hydrogen concentration. For
the metal hydride phase («/f and ) one must take into
account the hydrogen-hydrogen interaction, Wy.y. In
the latter case, the Dy value can be evaluated according
to [41]:

. Wip_
Dy =D {1 1 ( ;TH)CH}

where D* is the Einstein diffusion coefficient.

Some studies have been concerned with hydrogen
diffusion in thin film hydrogen storage alloys [219].
Various techniques were used to determine the value of
the chemical diffusion coefficients, i.e. the microelectrode
technique [220], the potential-step method [221] and the
optical method [222, 224], and by combining the current
pulse method (Zuchner et al. [223]) with the electro-
chromic effect of transition metal oxides. The experi-
mental D" values for some hydride-forming alloys are
listed in Table 11. There are great discrepancies in results
reported by various authors. For example, the reported
the values for the diffusion coeflicient of hydrogen in
LaNis vary over three orders of magnitude at room
temperature [225, 226, 227, 228, 229].

(12)

(13)

Electrochemical impedance spectroscopy and
methods to study the structure of hydride electrodes

Electrochemical impedance spectroscopy (EIS) is a pow-
erful method for investigating interface processes and
electrode behavior [233, 234, 235, 236, 237, 238, 239,

Table 11 Diffusion coefficients of atomic hydrogen in metal
hydride alloys

Alloy Diffusion Ref
coefficient (cm?/s)
LaNis 5x10° [225]
LaNis 2.7%x10°8 [226]
LaNis 6.1x10° [227]
LaNis 1x10° [228]
LaNis 1x107'° [229]
FeTi 1.8 x 10712 [227]
Zr36Nigs 2.2x%x 10710 [230]
Zr35Nigs 1 x 1078 (H/M=0.001) [231]
Zr35Nigs 1 x10°% (HM=0.3) [231]
Ti,Ni 23x 10710 [227]
TiMn, 5 5% 10! [217]
LaNi, »5Alg 75 2.97 x 1071 [221]
Lay.65Ce.35Ni3 55 56x 10" [193]
Cop.7sMng 4Alg 3
MmNi, (Mnyg 75Alg 25 7.49 x 108 [41]
MmNi; gMng 75Alg sCop,  4.45 x 1078 [41]

MmNi3.6Mn0,75A10‘75C00'4 4.20 x 1078 [41]

240, 241, 242, 243, 244, 245, 256, 257, 258]. In EIS,
typically, a small sinusoidal signal is used to perturb the
electrochemical system and the response of the system is
observed. The frequency of the sinusoidal signal is var-
ied in a wide range, which makes it possible to investi-
gate processes with different time constants. Usually, the
equivalent circuit method is used for the analysis of the
experimental EIS data. Impedance spectroscopy is a
standard technique for the investigation of electro-
chemical systems. However, for power sources with
porous electrodes, analysis of the kinetics of the pro-
cesses is more difficult, which leads to some disagree-
ments in the interpretation of the results.

A number of authors [233, 234, 244, 245, 256] have
used a five-element equivalent circuit for the character-
ization of metal hydride electrodes. Such an equivalent
circuit was applied for the Pd/H system with the as-
sumption that it is possible to separate the double layer
capacitance from the adsorption capacitance on a flat
palladium electrode [258]. To simplify the interpretation
procedure, ideal capacitors were included [233]. A more
realistic description of EIS data is by using dispersed
capacitors and constant phase elements [242]. The use of
the dispersed elements (like a constant phase element)
will enlarge the number of independent parameters up to
8. At the same time, the experimental data are repre-
sented in most cases by only one semicircle with a tail at
low frequencies (< 10 mHz) [236, 242, 257].

There are a lot of papers on the impedance charac-
terization of metal hydride electrodes. Some promising
results for the electrochemical behavior of these electrode
materials have been obtained [233, 234, 235, 236, 237,
242, 257]. On the basis of such investigations, Kuriyama
et al. [244, 245, 256] proposed, for example, that the
deterioration of the metal-hydride electrode, when using
a copper-coated alloy powder, was caused only by the
passivation of the alloy surface. Also the performance of
the electrode with an uncoated alloy was dominated by



the increase in the contact resistance. Analysis of the EIS
data reveals that the kinetics of the electrode process
changes with the depth of discharge. The discharge be-
havior of Mg,Ni-type alloys was investigated by EIS
[236, 239] and the conclusion was made that the very low
discharge capacity and sluggish kinetics of unmodified
Mg, Ni in alkaline solution are caused by the presence of
both a large charge-transfer resistance and a mass-
transfer resistance. Additions of yttrium and aluminum
to Mg,Ni considerably reduced the hydrogen-diffusion
resistance in the alloy and the charge-transfer resistance
on the electrode/electrolyte interface.

The discharging process at small depths-of-discharge
of LaNis alloys is controlled by charge transfer at the
electrode/electrolyte interface [234]. The EIS of Zr-Ti-V-
Ni metal hydride electrodes was investigated by Vaivars
et al. [242]. He compared two alternative equivalent
circuits; one included the Gerischer function [258] and
the other circuit contained the charge-transfer resis-
tance. The assumption made was that the first pair of
circuit elements could be interpreted as parasitic pa-
rameters, related to the complex structure of the elec-
trodes, like the porous structure, for example. Valoen
et al. [233] associated these first elements with the con-
tact interface between the binder and the alloy particles.

EIS is a typical in situ method, allowing real-time,
step-by-step investigations of charge-discharge processes
on the electrodes. During the last 15 years, a number of
structural methods, typically used in external applica-
tions for end-product studies, were converted to internal
in situ methods and applied also to metal hydride elec-
trodes [259, 260, 261, 262, 263, 264, 265, 266]. Some of
these methods are mentioned below.

An in situ neutron diffraction method has been ap-
plied to electrochemical cells to study the behavior of
metal hydride electrode materials [262, 263, 264]. With
in situ neutron diffraction measurements, the absolute
values of x in the hydride alloy, i.e. the composition of
the alloy charged with deuterium, can be determined for
various charge-discharge states, while electrochemical
methods, e.g. the coulometry of cell cycling, measures
only the change in x. From in situ neutron diffraction
measurements it was concluded that only the o phase
(low hydrogen content) is present in the low-Al-content
alloy LaNig ggAly 12D 1, while both o and § phases were
present in LaNiy 4Aly D g [263].

An in situ X-ray diffraction method has been applied
to investigate the lattice expanding behavior and the
degradation of hydride electrode materials and cells
[261]. X-ray diffraction profiles were registered during
hydriding-dehydriding of the LaNiggFeq, electrode.
With the increase of the hydrogen content, the peak
intensity of the o phase decreased and that of the 5 phase
increased. In the plateau region, the profiles of both
phases co-exist, which indicates that a discrete lattice
expansion due to the transformation from o to f must
occur. Such discrete lattice expansion, accompanying the
o to B phase transition, introduces microstrains to the
crystal lattice and alloy grain cracks (degradation). It
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should also be noted that the expanding behavior is
maximal in the c-axis direction [261].

In situ scanning tunneling microscopy (STM) is a
method which allows the imaging of the topology and
surface conductivity during charging and discharging of
the hydride electrode [259, 265, 266]. For in situ STM
investigations, both a specific electrochemical cell and
chemically stable tips were developed [267]. The volume
expansion of the grains of a single metal hydride
(LaNiz sCoAlg 5) was observed. Topographic and con-
ductivity images of the Zr(Vy,sNig75)> alloy indicated
two phases: one reactive with low conductivity [Zr(Vg 33
Nig¢7)2.3], and the second, Zr;Ni;g,with high conduc-
tivity. This leads to the conclusion that Zr;Ni;, catalyzes
the hydrogen absorption-desorption reactions [268]. In
the ZrV,sNi; s alloy, three different crystallographic
phases were found. As indicated by in situ STM results
[266], two of them were passivated, but the third, the
vanadium-rich (V¢,Nig) phase, was corroded. Also, in
situ laser-scanning photo-electrochemical microscopy
has been applied by Yang et al. [259] to investigate the
surface properties of the AB;s alloy electrode during
charge-discharge processes.

Mathematical models of metal hydride electrodes

During the last decade, a number of researchers have
modeled metal hydride electrodes [267, 268, 269, 270,
271,272,273, 274, 275, 276, 277]. For example, Viitanen
[269] developed a model of a cylindrical LaNis-based
hydride electrode by examining the effects of particle
size, electrode porosity and conductivity. Yang et al.
[276] proposed a model for the MH electrode with var-
ious geometries for alloy particles (planar, cylindrical
and spherical) and concluded that the discharge
performance is limited by the transition of hydrogen
from the absorbed state inside the bulk of the active
material to the adsorbed state on the particle surface.
Heikonen et al. [270, 271, 272] considered a thick porous
metal hydride electrode to simulate a continuous inter-
rupted discharge on changing certain parameters. A
mathematical model for the discharge behavior of the
Ni(OH),/LaNis battery was presented by Paxton and
Newman [273].

Petrii et al. in their review [8] divide all the existing
models of metal hydride electrodes into two groups: (1)
models taking into account the diffusion of hydrogen
into grains of the metal hydride [267, 276] and (2)
models taking into account the diffusion throughout the
bulk of the electrode material [269]. These models
assume the co-existence of the o (low hydrogen content)
and f (hydrogen-rich) phases in one particle (grain) with
different radii. Discharge curves are presented for the
cases of low current density (hydrogen diffusion in the o
phase as the rate-limiting step) and of high current
density (the hydrogen reaction on the catalytic Ni
centers as the rate-limiting step). Also, the mechanism of
“up-hill diffusion” combined with interface-controlled
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Table 12 Charge-discharge characteristics of hydrogen-absorbing alloys

Composition of alloy Electrode Hydrogen Low rate High rate Ref
preparation storage discharge to low
capacity capacity rate discharge
(theoretical) (mAh/g) capacity
(mAh/g)
Electrodes based on ABs alloy
Mm(Ni3‘6Mn0A4A10‘3C00A7)0'88 AHOy powder+ PVA - 246 54% [61, 62]
Mm(Ni3_6Mn()_4Al()_3C0()_7)0'96 (2 Wt%) + porous Ni 272 62%
Mm(Niz sMng 4Aly.3C00.7)1.00 268 67%
Mm(Niz ¢Mng 4Aly 3C00.7)1.12 172 86%
MmNiy gAlj > Alloy powder + PVA 270 mAh/g 150 25% [3, 17,
MmNiy 4Aly 6 (2 wt%)+ porous Ni 250 82% 41, 279]
MmNi4Al 240 82%
MmNi4_2A10_4Cr0_4 220 96%
MmNi4_2A10A4Mn0A4 270 64%
MmNi4_2A1()_4Fe()_4 250 74%
MmNi4.2A10‘4C00.4 255 79%
Ml’l’lNi4_6A10A4 155 73%
Lag 3Ceg,NirCos Alloy + Cu (1:4) 260 253 39% [8]
La0'8CeO,2Ni2C03 AHOy +PTFE 253 190 6%
MmNi3_5CO()_7A1()_g A]lOy +Cu (1 4) 240 167 50%
LaNis Alloy + Cu (1:4) 372 15% [261]
LaNis4 360 170 25%
LaNiyCu 373 270 11%
LaNiy»,Cu 360 260 62%
LaNiy4Cu 283 - 90%
LaNis;Cu 198 180 98%
Cryst. LaggCeg»Nig75Sn0 25 Alloy + acetylene 250 176 28% [128]
Amorph. Lag gCeg>Niy 75510 25 black + polymer
CI'ySt. L'd().gCCO.QNi}zCOMnQ‘sAlO‘Q 329 310 89%
AmOrph La()_8Ce()_2Ni3_2COMn0_6A10'2 205 190 84%
LaNis Alloy +20 wt% 370 171 95% 7
TAB-3
Electrodes based on A,B/AB/AB, alloys
TiV, Alloy +Ni (1:4)+PVA 852 (TiV4Hg) - - [104, 109, 115]
TiV4,6Nig.4 110 -
TiV44Nig¢ 350 -
TiV4,Nip g 210 -
TiV4Ni 200 -
ZrVy1Mng oNi-C14 Alloy powder + - 140 8% [118, 119,
ZrVy,Mng gNi-C14 PVA (2 wt%) 190 20% 280, 281, 282]
ZrV()_3Mn0_7Ni-C14, C15 240 34%
ZrVy.4Mng ¢Ni-Cl14, C15 290 60%
ZrV, sMnysNi-C14, C15 280 82%
ZTVO'(‘,MHO'4Ni-C14, CI5 160 -
ZrVO.gMHO‘zNi-Cl 5 50 -
TirNi Alloy +20 wt% TAB-3 - 336 97% [227]
Tio_26Zr0407V0424M1’10'20Ni0423 A“Oy + 10wt. % - 295 - [283]
Tio_ngr0_07V0_22Mno_18Ni0_23 Ni+ 10wt.% PTFE 370
Tig.26Z10.07V0.17Mng.17Nig 30 380
Tio.26Z10.07V0.17Mng,17Nig 33 385
Zr()_35Ti()_65V()_35Cf()_26Fe()_17Ni1_13 AHOy preSSed between - 240 - [91]
ZrolsTi0.5V0‘g5Cr0.26Ni1.3 two Ni nets 210
Zry5Tig.5Vo.85Cro26Fe0.17Nip .13 180
Cryst. Zr36(Vo.33Nig.66)6a Alloy pressed between - 170 - [281]
Amorph. Zr35(Vo.33Nig.¢6)6a two Ni screens 80
Ti()_3szr()_65NiV()_gMn()_2 AHOy +Ni (1 3) + - 150 27% [90, 103]
Ti0_3szr0_65NiV0_6M1’10_4 3 wt% PTFE 305 25%
Ti.35Zr0.65Ni; 2Vo.sMng 305 52%
Tio.35Z10.65Ni1.2V0.4Mng 4 260 54%
Mg-Ni alloys
Mg,Ni Alloy powder + Ni 999 mAh/g 320 303 K) - [236]
powder (1:4)+PVA + 398 (343 K)
porous Ni, drying 421 (363 K)
Mgl_L)Al()_lNi()_gY()_l 120 OC, vac, p= 1200 kg/Cm2 150 70% [239]




phase boundary movement was successfully applied to
the La(NiAl)sH, electrode to evaluate the hydrogen
discharge of metal hydride electrodes [270]. In all these
models it was assumed that both « and f§ phases of the
alloy hydrogen storage material could be characterized
by constant values of the hydrogen diffusion coefficient
and Fickian diffusion conditions. As mentioned already
above, Feldberg and Reilly [216] predicted the electro-
chemical properties of metal hydride electrodes on the
basis of the theory developed by Wicke et al. [190].

Charge-discharge performance of metal
hydride electrodes

Various performance parameters of the MH electrodes,
such as hydrogen storage capacity, coulombic efficiency
of the hydriding-dehydriding reaction, specific power,
specific energy and cycle life were investigated and
compared on the basis of charge-discharge characteris-
tics.

For example, it was established that the electrode
made of LaNis alloy reaches maximum capacity
(360 mAh/g) already in the first cycle, but the discharge
capacity decreases very quickly in next cycles [278]. Such
a high detoriation rate for the LaNis alloy electrode
makes it unsuitable for use in Ni-MH batteries. How-
ever, a partial replacement of nickel with cobalt, or
aluminum, increases the cycle life of the electrode. Also,
Ce, Nd and Pr substitution at the La site results in
improved capacity retention during cycling [5].

Among others, it was found that the discharge
efficiency and, thus, the cycle life of both ABs- and
AB,- type hydrogen storage electrodes decreases with
increasing discharge current density (e.g. [279, 280, 281,
282, 283] and see Table 12). This phenomenon was
explained by the depletion of atomic hydrogen from the
M-H particle surface. Indeed, Kopczyk et al. [91] showed
that hydrogen diffusion in the Zro_35Ti0'65V0.85CI‘0.26Ni1'3
and ZI'()'35Ti0.65V0_85CI'0_26FC()_17Ni1.13 alloys was the
controlling step at a deep depth of the electrode dis-
charge. The diffusion resistance of the discharged elec-
trode material was higher by a factor of about 10 than
that for the charged electrodes. Both lower hydrogen
storage capacity and cycling efficiency was found with
increasing Zr content in an alloy. Ziittel et al. [284]
pointed out that some alloy grains in the porous MH
electrode cannot be discharged owing to poor electrical
contact and thus a high internal resistance of the elec-
trode material. On the other hand, it is well known that
the activation of an electrode material towards the hy-
drogen adsorption-desorption reaction becomes easier at
higher charge-discharge current densities [276].

One of the serious problems of Ni-MH batteries is
corrosion and degradation of the MH electrode.
Hydrogen-absorbing alloys are formed from various
metallic constituents and each of them has its own
characteristic oxidation potential in an alkaline electro-
lyte. For example, it was shown by Willems et al. [1, 42,
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43] that La reacts with water, giving hydroxide or oxide
at potentials of about —2.0 V with respect to the re-
versible hydrogen electrode. The addition of relatively
small quantities of Al, Cr or Si can protect the under-
lying metal from further oxidation. According to the
results of ITkoma et al. [52], the corrosion resistance of
the negative electrode can be increased by improving the
crystallinity of the alloy (in sequences of rapid cooling
and heating), as well as by increasing the specific surface
area of the electrode material. The data on corrosion of
the ABs- and AB»-type alloys and alloy hydride elec-
trodes can be found in several papers (i.e. [33, 42, 43, 44,
45, 52, 284, 285, 286, 287, 288, 289, 290, 291, 292, 293,
294, 295, 296, 297, 298]).

In conclusion, one can say that the development of
hydrogen storage alloys with high capacity and catalytic
properties has a key importance for further improve-
ment of Ni-MH battery performance.
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