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Abstract

As demonstrated in this paper, magnetic and electronic measurements can be used to quantify hydrogen availability, absorption, and de
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 t
dissolve hydrogen and form hydrides depends on their performance as electron acceptors. Absorbed hydrogen may exist in either solub
(protonic) or bound phases. Magnetization and thermoelectric (Seebeck) coefficient were measured as functions of hydrogepaentent in
dered ABs- and AB;-type alloys. Magnetization decreases with increasing soluble hydrogen in ferromagnetigp®RLa—Ce)(Ni—Mny
and (La—Nd)(Ni—-Co—Mny). However, magnetizatioimcreases with increasing soluble hydrogen in ABype (Zr-Ti)(Cr—Fe). Finally, mag-
netization does not change with increashmgind hydrogen in AB-type (Zr-Ti)(Ni-Mn-Cr-V}. The Seebeck coefficient for ABype
(La—Nd)(Ni—Co—Mnj is a monotonically decreasing function of hydrogen content. However, the effect of absorbed hydrogen on the Seebeck
coefficient of the AB alloys depends on whether the hydrogen is soluble or bound.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction alloys, such as LaNiand (2) the AB class of alloys, such
as Zr\b and ZrCp. Both alloys consist of a hydride-forming
Rare-earth transition-metal alloys, such as LaGad element, such as lanthanum, titanium or zirconium, and a
LaNis have long been studied as candidate materials for non-hydride-forming element, such as nickel or chromium.
metal-hydride batteries and hydrogen storage deyidetn The ABs class, with a hexagonal Cagstructure, is based
rechargeable nickel metal-hydride (NiMH) batteries, nickel on LaNis with some rare-earth substitution for lanthanum
is the positive electrode (anode) and a metal alloy with ab- to improve the absorption properties and cycle lifetime of
sorbed hydrogen is the negative electrode (cathode). In thisthe alloy. For example, cerium and neodymium promote the
cell, potassium hydroxide is the electrolyte. When charged, formation of a protective surface film and increase the cycle
the metal alloy is in the form of a hydride. During discharge, lifetime. They also increase the equilibrium pressure during
the nickel, in the form of nickel oxyhydroxide, is reduced to charging and dischargin@,4].
nickel hydroxide, while the metal alloy hydride is oxidized New NiMH alloys with high gravimetric energy den-
to the metal2]. sities are likely to be developed in response to the de-
Two types of intermetallic compounds are contemplated mand for inexpensive, durable, high capacity batteries.
for this type of NiMH battery: (1) the ABclass of rare-earth ~ Similar to the nondestructive techniques used to iden-
tify the amount of hydrogen in steel weldiS], magnetic
and electronic approaches may be used to determine the
* Corresponding author. amount and state of hydrogen in candidate metal-hydride
E-mail address: dolson@mines.edu (D.L. Olson). alloys.
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The objective of this study is to develop new approaches— which is one of the forms of bound hydrogen. In (&),and
magnetic measurements and thermopower testing—to de-y are the ratios of hydrogen to metal atoms for thand
termine the amount and type of absorbed hydrogen in thesef phases.
materials and to find new techniques to identify good mate- The first hydrogen to enter a transition-metal-rich solid
rials for energy storage applications. These tests can servesolution—at least those rich in transition metal elements to
as tools for measuring hydrogen in these materials. Theythe right of titanium in the periodic table—has a positive
complement studies of pressure-composition-temperatureheat of mixing. This positive heat of solution suggests that
(PCT) diagrams using Sieverts’ law and hydrogen desorp- energy is required to move an electron from the hydrogen

tion analysis using gas chromatography.

2. Background
2.1. Hydrogen absorption in metal

The absorption of hydrogen in metal can be described by
two reactiong6],

3H2(gas — [H] @)
and
M + ne[Hlo + 3(np — na)Hagas = MH,, 2

Here, M represents the metal alloy and MH represents
the metal-alloy hydride. To illustrate these reactions, PCT
isotherms are used, as showrFig. 1 The following is the
model proposed in this paper: Initially, atomic hydrogen en-
ters the metal asoluble 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-phasen

reaction, and its range iRig. 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 thea + B region. When the hydrogen
content is large enough, only bound hydrogen will exist as
the phase. The symbotsandp are used, respectively, for
the metal with soluble (protonic) hydrogen and the hydride,

T:>T>Th

Ts

T4

1
1
\
i}

1
\
i
1
\

Equilibrium H, Pressure

H/M

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

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” mod¢#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. Bhihase
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
egative 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 absor ption 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 casef/]. Fig. 2ais the electronic distribution for a
transition metal or alloy with no absorbed hydrogEig. 2b
is for the metal with electron donation from absorbed hy-
drogen, where the electrons go primarily into the d-band.
Fig. 2cillustrates donations to the d-band, as well as some
electrons becoming localized to the hydride bonding band,
consuming electrons from theband and thep-band and
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PURE DILUTE METAL vide f-orbitals, and FEC the average number of f-electrons,
TRANSITION HYDROGEN HYDRIDE oo ;
METAL SOLUTION which is determined by
M Mhh << 1) M (x~ 1) sum of f-electrons
FEC= 7
E4 E4 et number of f-metal atoms 0
E Eqg. (4)can be rearranged to
Er EF| F
H
d-band m =5X+7Y — DFEC, (8)
s-band, .
pond L Egggi:z; ® DFEC= Z edi Xi + Z efiYi, 9)
o band‘ o
(a) b€ B pE  (© pE whereeg; andey are the number of d- and f-electrons given

by element, andX; andY; are the atomic fractions of ele-
menti that provides d- and f-electrons.

Based orEgs. (4) and (5) and simple band-filling model
causing the formation of a metal hydride. This behavior is of magnetism—in which electrons occupy orbitals to max-
the desired characteristic of a hydrogen storage electrode folimize total spin angular momentum, subject to the Pauli
a reversible battery. exclusion principle—absorbed hydrogen will change the

The relationship between hydrogen absorption and the magnetic moment of an alloy (Hund's rule). Conversely, the
electronic chemical potential was proposed by Yasuda and gmount of absorbed hydrogen may be gauged by the change
Brodowsky[11]. They showed that the equilibrium partial  j3 magnetic moment after hydrogen charging. Examples of
pressure of hydrogeRy, at a given temperaturecould be  how hydrogen content reduces the magnetic moment of the

Fig. 2. Electronic structure of hydrides, after Gelat.

determined by transition metal in rare-earth transition-metal alloys were
Lin P — In Kny Welec N nHK @) repqrted by Buschow and Sherwom_]._ _
2 27 2/3) —nn RT RT Fig. 3 shows how the known equilibrium pressures of

_ _ o LaNis—,Al alloys atH/M = 0.5, based on data from Wang
whereK is the thermodynamic equilibrium constang, the and Sudd13], are actually related to the alloys’ calculated
hydrogen concentrationyelec the electronic chemical po-  pEC numbers. The choice/M = 0.5 places an alloy at
tential, andW the elastic energy of attraction responsible for apout the middle of the plateau of the PCT diagrarfiig 1

the two-phase formation. The designation LaNj for example, aH/M = 0.5 corre-
Another model for the electronic effect on hydrogen ab- sponds to LaNjHs. (At H/M = 1 it would correspond to
sorption in metals was proposed by Bernauer e{]. LaNisHe.) In this system, with Ni being on the right side of

This model pointed out that hydrogen absorption for the cu- the periodic table, the ability to absorb hydrogen is inversely
bic and hexagonal transition-metal alloys depends only on proportional to the equilibrium hydrogen pressure; this pres-
the average number of d-electrons, which is described by  syre will be proportional to the DEC and DFEC numbers,

H which are functions oH/M.
— =5-DEC 4)
M
whereH is the number of stored hydrogen atoné,the 10 ' T 10
number of metal atoms, and DEC is the average number of LaNig
d-electrons (before hydrogen is introduced), which is calcu- __ osf e s
© £
lated from . % // %
sum of d-electrons © ogl . le £
DEC = 5 2 2
number of metal atoms ®) g ///. g
o - .
According to this model, soluble hydrogen will be stored § oaf e LNl oMo {a 5
until the 3d-band is half-full; after that, absorbed hydrogen £ / LN Al 3
. . . 3 4.8™0.2 o
will cause hydride formation. g o2l . ], ¢
By modifying this model, as proposed in the present paper,
the hydrogen absorption for rare-earth transition-metals may LaNiy 7Alg 5
0.0 0

be expressed by 676 078 650 082 684
H DEC Number
M = X(>-DEQ + ¥(7-FEQ (6) Fig. 3. Relation between DEC number and equilibrium pressutd/leit

) . ) . = 0.5 for LaNk— Al hydrides, based on data from Wang and Sl
whereX is the total atomic fraction of elements that provide This is a reflection of the change in lattice constant. Since La has no

d-orbitals,Y the total atomic fraction of elements that pro- 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 \%

12b AB5 7.7 8.1 0.6 71.2 12.0 0.4 5.1

2¢d ABs 8.3 8.3 59.2 6.7 12.5 5.0 5.0

3ab AB; 19.0 16.7 29.2 16.9 7.9 104 1.8

42d AB; 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.

¢ Target composition, as fabricated.

d Alloy prepared by Brookhaven National Laboratory, gas-phase charged.

3. Experimental methods ment was removed from the system at different tempera-
tures determined from the hydrogen desorption curve, and
3.1. Sample preparation guenched in dry ice. Details of the technique are given by

Wunderlich[17]. In addition, the hydrogen content of some
Samples as received were pieces on the order of 1-2 mmalloys (Alloys 2 and 4) was determined by PCT isotherms
in size.Table 1shows the compositions as measured with in a calibrated-volume system.
an energy dispersive spectrometer attached to a scanning In a plot of hydrogen desorption as a function of tempera-
electron microscope or, in the case of one alloy, the targetture, two major hydrogen evolution peaks are evident in dif-
composition based on the masses of the elements used ifierent temperature ranges, as described in the next section.
fabrication. Alloys 1 and 3 were baked in an argon environ- A peak at high temperature, about 6% is from bound
ment at 400C for 3 h before being charged with hydrogen hydrogen that is not desorbed from interstitial sites at low
gas. Alloys were either cathodically charged (Alloys 1 and temperature. A hydrogen release peak at lower temperature,
3) or gas-phase charged using the PCT technique (Alloysabout 200C, is from soluble (protonic) hydrogen. In this
2 and 4). Gas-phase charging involved six activation (hy- work, a direct correlation is obtained between the amount
drogenation) cycles of full charge and discharge. It is well of soluble hydrogen and the ferromagnetic properties of the
known that activation cycling reduces alloy particle size. specimens.
After six cycles, the gas-phase charged alloys had particle Another technique was used to measure small amounts of
sizes of 2-qum. absorbed hydrogen. In this system, the charged sample in
A total of six activation cycles is not expected to cause sig- powder form was loaded in a very high temperature chamber
nificant precipitation of nickel or iron at the surface, an effect at 2500°C. The released hydrogen gas was carried by ultra-
reported by Stucki and Schlapbaf#4] for large numbers  high purity argon through a calibrated thermal conductivity
of activation cycles. Although any such precipitates would detector (TCD). The amount of hydrogen was recorded in
increase the overall magnetization, they would not influence parts per million and later converted to hydrogen per for-
the effect of hydrogen content on magnetization, which is mula unit.
reported here for a given activation state. Of the alloys stud-
ied, only gas phase charged Alloys 2 and 4 may have nickel 3.3. Magnetic measurements
or iron precipitates. After charging, Alloys 2 and 4 were
“poisoned” by carbon monoxide to prevent hydrogen from  The objective of the magnetic measurements was to de-

diffusing out at room temperatuf&5]. termine the effect of absorbed hydrogen on saturation mag-
netization, magnetic susceptibility, and magnetic hysteresis.
3.2. Hydrogen analysis The absorbed hydrogen in transition-metal alloys is present

as metal hydride and soluble hydrogen atdi#jsEach free

Thermal desorption analysis (TDA) was used to deter- hydrogen atom carries one electron, which can increase or
mine the amount and specific site location of hydrogen ab- decrease the magnetic moment of the alloys. If the elec-
sorbed by all alloy§16]. To desorb hydrogen, the charged trons from hydrogen have the same spin as the majority of
materials were heated from room temperature to°€5at a the electrons in the d-band in the alloy, the magnetic mo-
rate of about 4C/min in an argon atmosphere. The hydro- ment will increase. The magnetic moment decreases when
gen desorption curve was measured on a companion samthe electrons have the opposite spin. Expansion of the crystal
ple. During heating, the amount of desorbed hydrogen waslattice, of order 6%, with increasing hydrogen content may
measured by gas chromatography by calculating the area unalso affect magnetic properti¢$8]; however, such effects
der the desorption curve. To prepare samples for magneticare not modeled in the present work.
and thermoelectric coefficient measurements, the compan- Magnetization hysteresis loops were measured with a
ion charged sample was heated. The sample for measuretransverse-field vibrating-sample magnetometer at room



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

temperature in maximum applied fields of 0.6 T. Magneti- where AV is the voltage difference measured between
zation was computed as magnetic moment per unit massprobes,AT the temperature difference, asd, the well-

of metal, not including hydrogen, and expressed in units of known Seebeck coefficient for copper, 1i83/K at 300 K
Am?2/kg (equivalent to emu/g). The exclusion of hydrogen [23]. One of the blocks was maintained at room temperature
causes an uncertainty of 0.1-2% in the mass determination.and the other around 2@ higher.

Uncertainty arising from random effects is estimated to be  Inasimilar arrangement for bulk materials, the correlation
on the order of the size of the data points on the graphs. of the Seebeck coefficient to alloy hydrogen content allows
Uncertainty arising from systematic effects is estimated to a probe with two surface contacts to make a nondestructive
be less than 5% of the reported values. hydrogen analysis of welds in fabricated structyggs

3.4. Thermopower measurements
4. Results and discussion

The objective of this measurement was to study the ef-
fect of absorbed hydrogen on the thermoelectric power as Table 1shows the chemical composition in atomic percent
expressed by the Seebeck coeffici¢h®,20] The ther- of the alloys tested in this work. The estimated uncertainty
mopower, an intrinsic property of a material, characterizes is 5% times the atomic percentages given in the table. The
the electronic density of states at the Fermi level: the amountactual B/A atomic ratios are given in the last colufhable 2
of electric charge and the type of charge carrier. (The shows the composition in atomic ratio, which is how the
presence of hydrogen in transition-metal alloys alterna- data plots are labeled in this paper.
tively has been detected by changes in electrical resistivity
[21,22]) 4.1. ABs alloys

A simple and flexible experimental apparatbgy( 4) con-
sists of two massive copper blocks maintained at different Aoy 1, (La—Ce)(Ni=Mn}, and Alloy 2, (La—Nd)(Ni-Co—
temperatures measured with thermocouples mounted insideyin)s are of type AB. Figs. 5 and 6show the hydrogen
the blocks. The powder sample is enclosed in a plastic tubegesorption curves determined by gas chromatography. The
between the ends of the copper blocks. The potential dif- jnjtial hydrogen charges were 2.23 and 1.83 per formula
ference is measured across the two copper probes. Usuallyypit. Desorption of soluble (protonic) hydrogen, which
good electrical and thermal contacts are needed between theyost Jikely is present in the: phase, occurs at about 220
sample surface and probes. For these powder measurementgng 110°C, respectively. The release of bound hydrogen at
repeatability was 10-15%. Thermopower measurements Ongemperatures above 60G is indicative of hydride decom-
powder are a new advance in materials characterization.  nosition in Alloy 1. Both the low-temperature desorption

The absolute thermopower (Seebeck coefficinof the and the absence of bound hydrogen would make Alloy 2 a

alloy material can be determined as good candidate for battery applications.
AV The magnetization curves and the technical saturation
Sa= AT + Scus (10) 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
Seebeck Measurement

@ 25

Alloy 1: (Lag 47Ce0 46M80,04)(Nig 8sMNg 144l 005)s.1

20}
Thermocouple probe

Cool copper block

Released H, (ml/min per g alloy)

(T=Tr00m) Warm copper
block
(> T oom) 10}
S I
angle 05}
éf‘ Heater j
Plastic tube 0.0 -
0 200 400 600 800
s Temperature (°C
o 5., p (°C)

TAT
Fig. 5. Hydrogen desorption curve for Alloy 1 hydride as a function of
Fig. 4. Sketch of the thermoprobe Seebeck measurement. 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 \%
1 ABs 1 0.47 0.49 0.04 0.85 0.14 0.005
2 ABso 0.50 0.50 0.71 0.08 0.15 0.06
3 AB1s 0.53 0.47 0.45 0.26 0.12 0.16
4 AB2o 0.88 0.12 0.71 0.29
25 : : 6 T T
i 2 | , v
Alloy 2: (Lag 5oNdg 50)(Nig 74MNg 08C0p 15Alg 06)5.0 o Alloy 1: (Lag 47Ce0 49Mp 04)(Nig g5MNg 147l 005)s. 1
z 20- ] < °f
a c
o 2
g 15+ . g o
s 2
£ S
E s 3
& 10r 1 S
3 S 2f 1
8 ©
< »
T 05- - =
e« 8 1t -
=
<
3
0.0 . P ———— oy ) X .
0 200 400 600 800 0.0 05 1.0 15 20 25

Temperature (°C) H per Formula Unit

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

Fig. 8. Technical saturation magnetization as a function of hydrogen
temperature.

content for Alloy 1.

107/4x. To convert magnetic field from Sl units of tesla to  The reduction of magnetic moment results from electrons
CGS units of gauss, multiply by £0Q The technical satura- donated by the hydrogen atoms pairing with the unpaired
tion magnetization is the magnetization axis intercept of a electrons in the host metal.

line fitted to the high field part of the curve of magnetiza- ~ For Alloy 2, as a function of hydrogen conterfitig. 9
tion as a function of field. An increase in soluble hydrogen shows the magnetization curves &figd. 10shows the initial
decreases the magnetization of Alloy 1. The DFEC num- susceptibility near zero field (not corrected for demagnetiz-
ber for Alloy 1 is calculated as 6.51, whereas the number ing factor) and high field susceptibility. (To convert from SI

of electrons required to half-fill the d- and f-bands is 5.47. units of ni/kg to CGS units of cr¥g, multiply by 1000/4r.)
Initially, the susceptibilities decrease as hydrogen increases,

8 - ‘
Alloy 1: (Lay 47Ceq 4gM Nig 5cMny 4 4Al 04 — ; - —
. y 1: (Lag 47C€0 4gMJg 04)(Nig gsMng 14410 005)s 1 Alloy 2: (Lag 5oNdq 50)(Nig 74Mng 06C0%0 15210 08)5.0 o M.,fﬁfﬁﬂ
L ] o ().99
5 H per Formula Unit = 0.10 W H per Formula Unit = 1.84 w”‘f
2 4} ' 1 02 “ge/ ~ 585
& 0.48 5 ° P =
£ &
< E
S <
E é 00
D s
=) ©
T
g g
S 02
-4 5 ol Yol
00000 Q. 0 ”’jﬁl‘;""g‘w
% |00 0-0-00-0C ° ) ) “’«_,;;’0/9;90”
-600 -400 -200 0 200 400 600 04 - : : :
-600 -400 -200 0 200 400 600
Magnetic Field (mT) Magnetic Field (mT)

Fig. 7. Magnetization versus field for Alloy 1. As hydrogen content H Fig. 9. Magnetization versus field as a function of hydrogen content for
increases, magnetization and hysteresis decrease. Alloy 2.
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250 l . , 5 35
Alloy 2: (Lag 5oNdg 50)(Nig 74MNg 08C00 15Al0.06)5.0 ) '
a0l Alloy 3: (Zry 53Tig 47)(Nig 45Mng 26CT0 12V 16)1 8
200 | 4
° [ ]
25}

T
—_—
1501 \l\ 1,

20F

100 |

50 |

Initial Susceptibility (1077 m%kg)
High Field Susceptibility (10‘7 m3/kg)

Released H, (ml/min per g alloy)

0.0 L L
H per Formula Unit 0 200 400 600 800

Fig. 10. Initial and high field susceptibilities as functions of hydrogen Temperature (°C)

content in Alloy 2. Fig. 12. Hydrogen desorption curve for Alloy 3 hydride indicating the
release of hydrogen only at a high temperature of about 680

but then increase after the ratio of hydrogen to metalis 1. The
susceptibilities decrease again when the hydrogen-to-metaly 2 AB, alloys
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  ynjike Alloys 1 and 2, Alloy 3, which is AB type, has
the d- and f-bands, 5.33. Therefore, a decrease in susceptia main hydrogen desorption peak at 68) as shown in
bility is expected. The difference in the magnetic behavior Fig. 12 The initial hydrogen charge was 0.91 per formula
between Alloys 1 and 2 may depend on the details of the ynjt. This result indicates that most of the hydrogen in Alloy
actual band structure of the alloys. 3 is stored as bound hydrogen, with a little amount of sol-
The room temperature Seebeck coefficients and PCTyple hydrogen indicated by peaks at lower temperature. In
isotherm of Alloy 2 are shown irFig. 11 The Seebeck  contrast, the hydrogen desorption curve of Alloy 4, shown
coefficient of this alloy increases with an increase in hy- jn Fig. 13 shows a main peak at 22G, which is in the sol-
drogen content until it reaches a plateau region, in which yple hydrogen range. The initial hydrogen charge was 4.10
the two-phase reaction occurs, at a hydrogen content perper formula unit. The relatively large amount of released
formula unit of about 1, and increases again at the transi- hygrogen per gram of Alloy 4 is due to its low molecular
tion from the two-phase region to the single-phase hydride eight and its large initial hydrogen content from gas-phase
region. In the first stage, each hydrogen atom provides ancharging.
electron to the host material, which changes the Fermi level  pagnetization curves and the initial susceptibilities of Al-
of the material. In the plateau region, lattice expansion oc- |oys 3 and 4 are shown iRigs. 14—17 Both the change in
curs as the bound hydrogen forms a hydride, and the addedhydrogen content and the change in susceptibility of Alloy 3
electrons from the hydrogen have less of an effect on the gre relatively small compared with Alloy 4. The calculated
Fermi energy.

16 T T

Alloy 2: (Lag 5oNdg 50)(Nig 71Mng 0gC00.15Al0.06)5.0 ? . 14 '\ Alloy 4: (Zrg ggTig 12)(Fe0.71Crp.29)2.0

co
T

Seebeck Coefficient (nV/K)
nN
[*>]
Equilibirum Pressure (MPa)
(o]

Released H, (ml/min per g alloy)
~

N

-4 2
o /ﬁ'p{

CHHHHH-OHOOH
5 O L h L L 0 0
Q 1 2 3 4 5 6 4} 200 400 600 800

H per Formula Unit Temperature (°C)

Fig. 11. The thermoelectric power (Seebeck coefficient) &tC&nd the Fig. 13. Hydrogen desorption curve for Alloy 4 hydride indicating the
PCT diagram at 75C of Alloy 2 as functions of hydrogen content. release of hydrogen at 22C.
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0.04 T T T T T

Alloy 3: (Zry 53Tig.47)(Nig 45MNg 26CT0 12V0.16)1.8

Magnetization (A~m2/kg)

-0.04 . . " n .
-200 0 200 400

Magnetic Field (mT)

600

Fig. 14. Magnetization versus applied field as a function of hydrogen
content in Alloy 3.

10 T T T T

Initial Susceptibility (108 m3/kg)

Alloy 3: (Zrg 53Tig 47)(Nig.45MNg 26CT0 12V0.16)1.8

0 . . L L
0.0 02 0.4 06 08
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Fig. 15. Initial susceptibility of Alloy 3 indicating no significant change
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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. 195. SinceFig. 12 shows that Alloy 3
holds hydrogen abound 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 Lapli24].)

On the other hand, the initial susceptibility for Alloy 4
increases with soluble hydrogenKig. 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

in susceptibility as hydrogen content increases. Error bars represent thethat electrons from soluble hydrogen enter the conduction

random uncertainty in the magnetization curves.
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Fig. 16. Magnetization versus applied field as a function of hydrogen
content in Alloy 4.

band and increase the magnetic susceptibility.
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Fig. 18. Room temperature Seebeck coefficient as a function of hydrogen
content in Alloy 3.
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04 , The effect of absorbed hydrogen on the thermoelectric
0zl Alloy 4: (Zrg gaTio 12)(Fe0 71CT0.20)2.0 properties of the materials d_epends on the types_ of hydro-
_ gen stored and the electronic states of the materials before
£ oo} absorption. The thermoelectric power of Alloy 2 shows that
:;" ol the trend of the Seebeck coefficient recapitulates the shape
g of the hydrogen PCT isotherm. However, the thermoelectric
@ 04} power of AB, Alloys 3 and 4 are more affected by the type
© ool of absorbed hydrogen. Bound hydrogen reduces the Seebeck
g - coefficient of Alloy 3 and soluble hydrogen has the opposite
[03
& st . _— ] effect on Alloy 4.
_/
wof e .
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