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Abstract

As demonstrated in this paper, magnetic and electronic measurements can be used to quantify hydrogen availability, absorption, and des-
orption in materials for nickel metal-hydride batteries and hydrogen storage. The ability of a metal alloy to absorb and desorb hydrogen
depends on the interaction of the metal’s electronic bands with electrons donated or accepted by the hydrogen. The tendency of alloys to
dissolve hydrogen and form hydrides depends on their performance as electron acceptors. Absorbed hydrogen may exist in either soluble
(protonic) or bound phases. Magnetization and thermoelectric (Seebeck) coefficient were measured as functions of hydrogen content inpow-
dered AB5- and AB2-type alloys. Magnetization decreases with increasing soluble hydrogen in ferromagnetic AB5-type (La–Ce)(Ni–Mn)5
and (La–Nd)(Ni–Co–Mn)5. However, magnetizationincreases with increasing soluble hydrogen in AB2-type (Zr–Ti)(Cr–Fe)2. Finally, mag-
netization does not change with increasingbound hydrogen in AB2-type (Zr–Ti)(Ni–Mn–Cr–V)2. The Seebeck coefficient for AB5-type
(La–Nd)(Ni–Co–Mn)5 is a monotonically decreasing function of hydrogen content. However, the effect of absorbed hydrogen on the Seebeck
coefficient of the AB2 alloys depends on whether the hydrogen is soluble or bound.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Rare-earth transition-metal alloys, such as LaCo5 and
LaNi5 have long been studied as candidate materials for
metal-hydride batteries and hydrogen storage devices[1]. In
rechargeable nickel metal-hydride (NiMH) batteries, nickel
is the positive electrode (anode) and a metal alloy with ab-
sorbed hydrogen is the negative electrode (cathode). In this
cell, potassium hydroxide is the electrolyte. When charged,
the metal alloy is in the form of a hydride. During discharge,
the nickel, in the form of nickel oxyhydroxide, is reduced to
nickel hydroxide, while the metal alloy hydride is oxidized
to the metal[2].

Two types of intermetallic compounds are contemplated
for this type of NiMH battery: (1) the AB5 class of rare-earth
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alloys, such as LaNi5 and (2) the AB2 class of alloys, such
as ZrV2 and ZrCr2. Both alloys consist of a hydride-forming
element, such as lanthanum, titanium or zirconium, and a
non-hydride-forming element, such as nickel or chromium.
The AB5 class, with a hexagonal CaCu5 structure, is based
on LaNi5 with some rare-earth substitution for lanthanum
to improve the absorption properties and cycle lifetime of
the alloy. For example, cerium and neodymium promote the
formation of a protective surface film and increase the cycle
lifetime. They also increase the equilibrium pressure during
charging and discharging[3,4].

New NiMH alloys with high gravimetric energy den-
sities are likely to be developed in response to the de-
mand for inexpensive, durable, high capacity batteries.
Similar to the nondestructive techniques used to iden-
tify the amount of hydrogen in steel welds[5], magnetic
and electronic approaches may be used to determine the
amount and state of hydrogen in candidate metal-hydride
alloys.
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The objective of this study is to develop new approaches—
magnetic measurements and thermopower testing—to de-
termine the amount and type of absorbed hydrogen in these
materials and to find new techniques to identify good mate-
rials for energy storage applications. These tests can serve
as tools for measuring hydrogen in these materials. They
complement studies of pressure-composition-temperature
(PCT) diagrams using Sieverts’ law and hydrogen desorp-
tion analysis using gas chromatography.

2. Background

2.1. Hydrogen absorption in metal

The absorption of hydrogen in metal can be described by
two reactions[6],

1
2H2(gas) → [H] (1)

and

M + nα[H]α + 1
2(nβ − nα)H2(gas) → MHnβ

(2)

Here, M represents the metal alloy and MH represents
the metal-alloy hydride. To illustrate these reactions, PCT
isotherms are used, as shown inFig. 1. The following is the
model proposed in this paper: Initially, atomic hydrogen en-
ters the metal assoluble hydrogen, sometimes referred to as
protonic hydrogen, [H], as shown in reaction (1). (The term
“soluble” is preferred to “diffusible” because mobility and
kinetics are not addressed.) This behavior is a single-phase
reaction, and its range inFig. 1 is denoted by a single�
phase. As the soluble hydrogen in the metal increases, it en-
ters interstitial octahedral and tetrahedral sites to form the
metal hydride[6], shown in reaction (2). Hydrogen that is
not desorbed at low temperature is denoted in this paper
as bound hydrogen. Reaction (2) is a two-phase reaction,
shown inFig. 1 as the� + � region. When the hydrogen
content is large enough, only bound hydrogen will exist as
the� phase. The symbols� and� are used, respectively, for
the metal with soluble (protonic) hydrogen and the hydride,

Fig. 1. Generalized PCT isotherms for hydrogen absorption, after Speiser
[9] and Bernauer et al.[10].

which is one of the forms of bound hydrogen. In (2),n� and
n� are the ratios of hydrogen to metal atoms for the� and
� phases.

The first hydrogen to enter a transition-metal-rich solid
solution—at least those rich in transition metal elements to
the right of titanium in the periodic table—has a positive
heat of mixing. This positive heat of solution suggests that
energy is required to move an electron from the hydrogen
atom to the electronic band structure. The result is soluble
(protonic) hydrogen in the lattice. The phase that exhibits
this electronic behavior is the� phase. It obeys Sieverts’
law for the solubility of hydrogen gas into a metal or alloy.
Models in which interstitial hydrogen atoms contribute their
electrons to the metal d-band are often referred to as the
“proton” and the “screened proton” models[7,8]. Palladium
hydride is an archetypal example.

As the hydrogen activity (and content) increases in the
solid solution, the heat of mixing goes negative for these
transition-metal-rich alloys. This negative value thermody-
namically describes a lowering of energy by the shared (co-
valent) or transferred (ionic) electron to the hydrogen atom,
resulting, to some degree, in a bound hydrogen atom. The
more negative the value of the heat of mixing, the more ir-
reversible is the nature of the bound hydrogen. This� phase
is characterized by hydrogen as an electron acceptor; it pro-
motes negative hydrogen ion localization to the positive core
ion, resulting in hydride formation. Elements of the periodic
table to the left of titanium and the lanthanides and actinides
probably never exhibit a positive heat of mixing no matter
what the hydrogen content is. Hydrogen, which has a small
negative heat of mixing, statistically can exhibit soluble hy-
drogen characteristics at the lower temperatures because its
activation energy barrier (mobility energy plus binding en-
ergy) may not totally hinder transport.

Fig. 1 shows that the equilibrium pressure increases with
temperature, indicating that hydride formation is an exother-
mic reaction. During desorption, the reverse of reactions (1)
and (2) apply. A good intermetallic hydride for battery ap-
plications should easily absorb and desorb hydrogen and
provide energy at ambient temperatures.

2.2. Effect of electronic structure on absorption of hydrogen

Changing the Fermi energy affects the chemical potential
of soluble (protonic) hydrogen in metals. The effect of hy-
drogen absorption on the electronic structure was reviewed
by Gelatt[7], applying a simplified band model as shown in
Fig. 2.

Fig. 2 schematically illustrates the electron distribution
for three cases[7]. Fig. 2ais the electronic distribution for a
transition metal or alloy with no absorbed hydrogen.Fig. 2b
is for the metal with electron donation from absorbed hy-
drogen, where the electrons go primarily into the d-band.
Fig. 2c illustrates donations to the d-band, as well as some
electrons becoming localized to the hydride bonding band,
consuming electrons from thes-band and thep-band and



88 P. Termsuksawad et al. / Journal of Alloys and Compounds 373 (2004) 86–95

Fig. 2. Electronic structure of hydrides, after Gelatt[7].

causing the formation of a metal hydride. This behavior is
the desired characteristic of a hydrogen storage electrode for
a reversible battery.

The relationship between hydrogen absorption and the
electronic chemical potential was proposed by Yasuda and
Brodowsky[11]. They showed that the equilibrium partial
pressure of hydrogenPH2 at a given temperatureT could be
determined by

1
2 ln PH2 = ln KnH

(2/3) − nH
+ µelec

RT
+ nH

W

RT
(3)

whereK is the thermodynamic equilibrium constant,nH the
hydrogen concentration,µelec the electronic chemical po-
tential, andW the elastic energy of attraction responsible for
the two-phase formation.

Another model for the electronic effect on hydrogen ab-
sorption in metals was proposed by Bernauer et al.[10].
This model pointed out that hydrogen absorption for the cu-
bic and hexagonal transition-metal alloys depends only on
the average number of d-electrons, which is described by

H

M
= 5 − DEC (4)

where H is the number of stored hydrogen atoms,M the
number of metal atoms, and DEC is the average number of
d-electrons (before hydrogen is introduced), which is calcu-
lated from

DEC = sum of d-electrons

number of metal atoms
(5)

According to this model, soluble hydrogen will be stored
until the 3d-band is half-full; after that, absorbed hydrogen
will cause hydride formation.

By modifying this model, as proposed in the present paper,
the hydrogen absorption for rare-earth transition-metals may
be expressed by

H

M
= X(5 − DEC) + Y(7 − FEC) (6)

whereX is the total atomic fraction of elements that provide
d-orbitals,Y the total atomic fraction of elements that pro-

vide f-orbitals, and FEC the average number of f-electrons,
which is determined by

FEC= sum of f-electrons

number of f-metal atoms
(7)

Eq. (4)can be rearranged to

H

M
= 5X + 7Y − DFEC, (8)

DFEC=
∑

ediXi +
∑

ef iYi, (9)

whereedi andefi are the number of d- and f-electrons given
by elementi, andXi andYi are the atomic fractions of ele-
menti that provides d- and f-electrons.

Based onEqs. (4) and (5) anda simple band-filling model
of magnetism—in which electrons occupy orbitals to max-
imize total spin angular momentum, subject to the Pauli
exclusion principle—absorbed hydrogen will change the
magnetic moment of an alloy (Hund’s rule). Conversely, the
amount of absorbed hydrogen may be gauged by the change
in magnetic moment after hydrogen charging. Examples of
how hydrogen content reduces the magnetic moment of the
transition metal in rare-earth transition-metal alloys were
reported by Buschow and Sherwood[12].

Fig. 3 shows how the known equilibrium pressures of
LaNi5–xAlx alloys atH/M = 0.5, based on data from Wang
and Suda[13], are actually related to the alloys’ calculated
DEC numbers. The choiceH/M = 0.5 places an alloy at
about the middle of the plateau of the PCT diagram inFig. 1.
The designation LaNi5, for example, atH/M = 0.5 corre-
sponds to LaNi5H3. (At H/M = 1 it would correspond to
LaNi5H6.) In this system, with Ni being on the right side of
the periodic table, the ability to absorb hydrogen is inversely
proportional to the equilibrium hydrogen pressure; this pres-
sure will be proportional to the DEC and DFEC numbers,
which are functions ofH/M.

Fig. 3. Relation between DEC number and equilibrium pressure atH/M
= 0.5 for LaNi5–xAlx hydrides, based on data from Wang and Suda[13].
This is a reflection of the change in lattice constant. Since La has no
f-electrons, DFEC number equals DEC number.
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Table 1
Alloy compositions in atomic percent and calculated B/A ratio

Alloy Type A B B/A ratio

La Ce Nd Mg Zr Ti Ni Mn Co Al Fe Cr V

1a,b AB5 7.7 8.1 0.6 71.2 12.0 0.4 5.1
2c,d AB5 8.3 8.3 59.2 6.7 12.5 5.0 5.0
3a,b AB2 19.0 16.7 29.2 16.9 7.9 10.4 1.8
4a,d AB2 29.5 4.0 47.3 19.3 2.0

a Composition as verified by energy dispersive spectroscopy.
b Alloy prepared by Ovonic Battery Company, cathodically charged.
c Target composition, as fabricated.
d Alloy prepared by Brookhaven National Laboratory, gas-phase charged.

3. Experimental methods

3.1. Sample preparation

Samples as received were pieces on the order of 1–2 mm
in size.Table 1shows the compositions as measured with
an energy dispersive spectrometer attached to a scanning
electron microscope or, in the case of one alloy, the target
composition based on the masses of the elements used in
fabrication. Alloys 1 and 3 were baked in an argon environ-
ment at 400◦C for 3 h before being charged with hydrogen
gas. Alloys were either cathodically charged (Alloys 1 and
3) or gas-phase charged using the PCT technique (Alloys
2 and 4). Gas-phase charging involved six activation (hy-
drogenation) cycles of full charge and discharge. It is well
known that activation cycling reduces alloy particle size.
After six cycles, the gas-phase charged alloys had particle
sizes of 2–5�m.

A total of six activation cycles is not expected to cause sig-
nificant precipitation of nickel or iron at the surface, an effect
reported by Stucki and Schlapbach[14] for large numbers
of activation cycles. Although any such precipitates would
increase the overall magnetization, they would not influence
the effect of hydrogen content on magnetization, which is
reported here for a given activation state. Of the alloys stud-
ied, only gas phase charged Alloys 2 and 4 may have nickel
or iron precipitates. After charging, Alloys 2 and 4 were
“poisoned” by carbon monoxide to prevent hydrogen from
diffusing out at room temperature[15].

3.2. Hydrogen analysis

Thermal desorption analysis (TDA) was used to deter-
mine the amount and specific site location of hydrogen ab-
sorbed by all alloys[16]. To desorb hydrogen, the charged
materials were heated from room temperature to 650◦C at a
rate of about 4◦C/min in an argon atmosphere. The hydro-
gen desorption curve was measured on a companion sam-
ple. During heating, the amount of desorbed hydrogen was
measured by gas chromatography by calculating the area un-
der the desorption curve. To prepare samples for magnetic
and thermoelectric coefficient measurements, the compan-
ion charged sample was heated. The sample for measure-

ment was removed from the system at different tempera-
tures determined from the hydrogen desorption curve, and
quenched in dry ice. Details of the technique are given by
Wunderlich[17]. In addition, the hydrogen content of some
alloys (Alloys 2 and 4) was determined by PCT isotherms
in a calibrated-volume system.

In a plot of hydrogen desorption as a function of tempera-
ture, two major hydrogen evolution peaks are evident in dif-
ferent temperature ranges, as described in the next section.
A peak at high temperature, about 650◦C, is from bound
hydrogen that is not desorbed from interstitial sites at low
temperature. A hydrogen release peak at lower temperature,
about 200◦C, is from soluble (protonic) hydrogen. In this
work, a direct correlation is obtained between the amount
of soluble hydrogen and the ferromagnetic properties of the
specimens.

Another technique was used to measure small amounts of
absorbed hydrogen. In this system, the charged sample in
powder form was loaded in a very high temperature chamber
at 2500◦C. The released hydrogen gas was carried by ultra-
high purity argon through a calibrated thermal conductivity
detector (TCD). The amount of hydrogen was recorded in
parts per million and later converted to hydrogen per for-
mula unit.

3.3. Magnetic measurements

The objective of the magnetic measurements was to de-
termine the effect of absorbed hydrogen on saturation mag-
netization, magnetic susceptibility, and magnetic hysteresis.
The absorbed hydrogen in transition-metal alloys is present
as metal hydride and soluble hydrogen atoms[7]. Each free
hydrogen atom carries one electron, which can increase or
decrease the magnetic moment of the alloys. If the elec-
trons from hydrogen have the same spin as the majority of
the electrons in the d-band in the alloy, the magnetic mo-
ment will increase. The magnetic moment decreases when
the electrons have the opposite spin. Expansion of the crystal
lattice, of order 6%, with increasing hydrogen content may
also affect magnetic properties[18]; however, such effects
are not modeled in the present work.

Magnetization hysteresis loops were measured with a
transverse-field vibrating-sample magnetometer at room
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temperature in maximum applied fields of 0.6 T. Magneti-
zation was computed as magnetic moment per unit mass
of metal, not including hydrogen, and expressed in units of
A m2/kg (equivalent to emu/g). The exclusion of hydrogen
causes an uncertainty of 0.1–2% in the mass determination.
Uncertainty arising from random effects is estimated to be
on the order of the size of the data points on the graphs.
Uncertainty arising from systematic effects is estimated to
be less than 5% of the reported values.

3.4. Thermopower measurements

The objective of this measurement was to study the ef-
fect of absorbed hydrogen on the thermoelectric power as
expressed by the Seebeck coefficient[19,20]. The ther-
mopower, an intrinsic property of a material, characterizes
the electronic density of states at the Fermi level: the amount
of electric charge and the type of charge carrier. (The
presence of hydrogen in transition-metal alloys alterna-
tively has been detected by changes in electrical resistivity
[21,22].)

A simple and flexible experimental apparatus (Fig. 4) con-
sists of two massive copper blocks maintained at different
temperatures measured with thermocouples mounted inside
the blocks. The powder sample is enclosed in a plastic tube
between the ends of the copper blocks. The potential dif-
ference is measured across the two copper probes. Usually,
good electrical and thermal contacts are needed between the
sample surface and probes. For these powder measurements,
repeatability was 10–15%. Thermopower measurements on
powder are a new advance in materials characterization.

The absolute thermopower (Seebeck coefficientSa) of the
alloy material can be determined as

Sa = �V

�T
+ SCu, (10)

Fig. 4. Sketch of the thermoprobe Seebeck measurement.

where �V is the voltage difference measured between
probes,�T the temperature difference, andSCu the well-
known Seebeck coefficient for copper, 1.83�V/K at 300 K
[23]. One of the blocks was maintained at room temperature
and the other around 10◦C higher.

In a similar arrangement for bulk materials, the correlation
of the Seebeck coefficient to alloy hydrogen content allows
a probe with two surface contacts to make a nondestructive
hydrogen analysis of welds in fabricated structures[5].

4. Results and discussion

Table 1shows the chemical composition in atomic percent
of the alloys tested in this work. The estimated uncertainty
is 5% times the atomic percentages given in the table. The
actual B/A atomic ratios are given in the last column.Table 2
shows the composition in atomic ratio, which is how the
data plots are labeled in this paper.

4.1. AB5 alloys

Alloy 1, (La–Ce)(Ni–Mn)5, and Alloy 2, (La–Nd)(Ni–Co–
Mn)5, are of type AB5. Figs. 5 and 6show the hydrogen
desorption curves determined by gas chromatography. The
initial hydrogen charges were 2.23 and 1.83 per formula
unit. Desorption of soluble (protonic) hydrogen, which
most likely is present in the� phase, occurs at about 220
and 110◦C, respectively. The release of bound hydrogen at
temperatures above 600◦C is indicative of hydride decom-
position in Alloy 1. Both the low-temperature desorption
and the absence of bound hydrogen would make Alloy 2 a
good candidate for battery applications.

The magnetization curves and the technical saturation
magnetization as a function of hydrogen contents for Alloy
1 are shown inFigs. 7 and 8. (To convert magnetic field
from units of tesla to units of ampere per meter, multiply by

Fig. 5. Hydrogen desorption curve for Alloy 1 hydride as a function of
temperature.
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Table 2
Alloy compositions in formula units

Alloy Formula A B

La Ce Nd Mg Zr Ti Ni Mn Co Al Fe Cr V

1 AB5.1 0.47 0.49 0.04 0.85 0.14 0.005
2 AB5.0 0.50 0.50 0.71 0.08 0.15 0.06
3 AB1.8 0.53 0.47 0.45 0.26 0.12 0.16
4 AB2.0 0.88 0.12 0.71 0.29

Fig. 6. Hydrogen desorption curve for Alloy 2 hydride as a function of
temperature.

107/4�. To convert magnetic field from SI units of tesla to
CGS units of gauss, multiply by 104.) The technical satura-
tion magnetization is the magnetization axis intercept of a
line fitted to the high field part of the curve of magnetiza-
tion as a function of field. An increase in soluble hydrogen
decreases the magnetization of Alloy 1. The DFEC num-
ber for Alloy 1 is calculated as 6.51, whereas the number
of electrons required to half-fill the d- and f-bands is 5.47.

Fig. 7. Magnetization versus field for Alloy 1. As hydrogen content H
increases, magnetization and hysteresis decrease.

Fig. 8. Technical saturation magnetization as a function of hydrogen
content for Alloy 1.

The reduction of magnetic moment results from electrons
donated by the hydrogen atoms pairing with the unpaired
electrons in the host metal.

For Alloy 2, as a function of hydrogen content,Fig. 9
shows the magnetization curves andFig. 10shows the initial
susceptibility near zero field (not corrected for demagnetiz-
ing factor) and high field susceptibility. (To convert from SI
units of m3/kg to CGS units of cm3/g, multiply by 1000/4�.)
Initially, the susceptibilities decrease as hydrogen increases,

Fig. 9. Magnetization versus field as a function of hydrogen content for
Alloy 2.
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Fig. 10. Initial and high field susceptibilities as functions of hydrogen
content in Alloy 2.

but then increase after the ratio of hydrogen to metal is 1. The
susceptibilities decrease again when the hydrogen-to-metal
ratio is greater than 2. The computed DFEC number of Al-
loy 2 is 6.48, also above the number of electrons to half-fill
the d- and f-bands, 5.33. Therefore, a decrease in suscepti-
bility is expected. The difference in the magnetic behavior
between Alloys 1 and 2 may depend on the details of the
actual band structure of the alloys.

The room temperature Seebeck coefficients and PCT
isotherm of Alloy 2 are shown inFig. 11. The Seebeck
coefficient of this alloy increases with an increase in hy-
drogen content until it reaches a plateau region, in which
the two-phase reaction occurs, at a hydrogen content per
formula unit of about 1, and increases again at the transi-
tion from the two-phase region to the single-phase hydride
region. In the first stage, each hydrogen atom provides an
electron to the host material, which changes the Fermi level
of the material. In the plateau region, lattice expansion oc-
curs as the bound hydrogen forms a hydride, and the added
electrons from the hydrogen have less of an effect on the
Fermi energy.

Fig. 11. The thermoelectric power (Seebeck coefficient) at 25◦C and the
PCT diagram at 75◦C of Alloy 2 as functions of hydrogen content.

Fig. 12. Hydrogen desorption curve for Alloy 3 hydride indicating the
release of hydrogen only at a high temperature of about 680◦C.

4.2. AB2 alloys

Unlike Alloys 1 and 2, Alloy 3, which is AB2 type, has
a main hydrogen desorption peak at 680◦C, as shown in
Fig. 12. The initial hydrogen charge was 0.91 per formula
unit. This result indicates that most of the hydrogen in Alloy
3 is stored as bound hydrogen, with a little amount of sol-
uble hydrogen indicated by peaks at lower temperature. In
contrast, the hydrogen desorption curve of Alloy 4, shown
in Fig. 13, shows a main peak at 220◦C, which is in the sol-
uble hydrogen range. The initial hydrogen charge was 4.10
per formula unit. The relatively large amount of released
hydrogen per gram of Alloy 4 is due to its low molecular
weight and its large initial hydrogen content from gas-phase
charging.

Magnetization curves and the initial susceptibilities of Al-
loys 3 and 4 are shown inFigs. 14–17. Both the change in
hydrogen content and the change in susceptibility of Alloy 3
are relatively small compared with Alloy 4. The calculated

Fig. 13. Hydrogen desorption curve for Alloy 4 hydride indicating the
release of hydrogen at 220◦C.
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Fig. 14. Magnetization versus applied field as a function of hydrogen
content in Alloy 3.

Fig. 15. Initial susceptibility of Alloy 3 indicating no significant change
in susceptibility as hydrogen content increases. Error bars represent the
random uncertainty in the magnetization curves.

Fig. 16. Magnetization versus applied field as a function of hydrogen
content in Alloy 4.

Fig. 17. Initial susceptibility of Alloy 4 indicating an increase of suscep-
tibility as hydrogen content increases.

DEC number of Alloy 3 is 4.23, which is less than the num-
ber of electrons required to occupy a half-band. Therefore,
if hydrogen gives additional electrons only to the d-band,
the initial susceptibility should increase with the amount of
hydrogen. However, the initial susceptibility curve for Al-
loy 3 shows that hydrogen has almost no effect on the initial
susceptibility (Fig. 15). SinceFig. 12 shows that Alloy 3
holds hydrogen asbound hydrogen, the transfer of an elec-
tron from the host metal and the formation of the hydride
bonding band may dominate and not affect the magnetic
moment. (A reduction of the Fermi energy during hydride
formation was reported for LaNi5 [24].)

On the other hand, the initial susceptibility for Alloy 4
increases with soluble hydrogen (Fig. 17). The computed
DEC number of Alloy 4 is 4.27, also less than the number
of electrons required to occupy a half-band. Thus, it seems
that electrons from soluble hydrogen enter the conduction
band and increase the magnetic susceptibility.

Fig. 18. Room temperature Seebeck coefficient as a function of hydrogen
content in Alloy 3.
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Fig. 19. Room temperature Seebeck coefficient as a function of hydrogen
content in Alloy 4.

For AB2 alloys, the room-temperature Seebeck coefficient
of Alloy 3 decreases as hydrogen content increases as shown
in Fig. 18. Conversely, the thermoelectric power of Alloy 4
increases with hydrogen content as shown inFig. 19. The
markedly different dependence of the Seebeck coefficient
on hydrogen content is likely due to the different forms of
hydrogen (bound hydrogen for Alloy 3 and soluble hydrogen
for Alloy 4) in the alloys.

5. Conclusions

Measurements of magnetization and thermopower may be
used as tools for the selection of materials for their hydro-
gen storage capabilities and to indicate whether absorbed
hydrogen is bound or soluble.

Four candidate NiMH battery materials were evaluated
to determine the role of soluble and bound hydrogen in the
alloys on magnetic and Seebeck coefficient measurements.
The soluble and bound hydrogen are identified by the re-
leased hydrogen peaks in the hydrogen desorption curve.
The lower temperature peak, near 200◦C, indicates the pres-
ence of soluble hydrogen and the high temperature peak,
near 600◦C, indicates bound hydrogen.

Absorbed hydrogen either decreases or increases the mag-
netization depending on whether the d- and f-bands are more
or less than half-filled and whether hydrogen is soluble or
bound.

• An increase insoluble (protonic) hydrogen contentde-
creases the magnetization in AB5 Alloys 1 and 2, which
havemore than half-filled bands.

• An increase insoluble (protonic) hydrogen contentin-
creases the magnetization in AB2 Alloy 4, which hasless
than half-filled bands.

• An increase inbound hydrogen content has almostno
effect on the magnetization in AB2 Alloy 3, which has
less than half-filled bands.

The effect of absorbed hydrogen on the thermoelectric
properties of the materials depends on the types of hydro-
gen stored and the electronic states of the materials before
absorption. The thermoelectric power of Alloy 2 shows that
the trend of the Seebeck coefficient recapitulates the shape
of the hydrogen PCT isotherm. However, the thermoelectric
power of AB2 Alloys 3 and 4 are more affected by the type
of absorbed hydrogen. Bound hydrogen reduces the Seebeck
coefficient of Alloy 3 and soluble hydrogen has the opposite
effect on Alloy 4.
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