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Abstract

Intermetallic hydrides have potencial importance as hydrogen storage mate

rials. A topic of considerable interest for technical applications is the mo

bility of hydrogen in the intermetallic compounds, particularly the - diffusion
process. High resolution quasi-elastic neutron scattering technique was used to

0.821'().2C1'M11H3 and

LaNiSH6. Quasi-elastic spectra were obtained at seven temperatures between 230

and 400K for up to 10 momentum transfers in the range 0.15 to 1.9 g—l' From the

study the hydrogen diffusion in the storage materials Ti

diffusion coefficients determined at different temperatures, the following Ar

rhenius equation were obtained:

1

Tij gZr, ,CrMaHy: D(T) = (31) x 10'8exp {—(220i20)mev/kr}m2s'

LaNi Bt D(T) = (2.1%0.7) x 10 exp {-(2755 15 mevsiTiacs

The results at large momentum transfers showed evidences for the existence
of more complex diffusion processes. These were expléined considering the  dif
fusion governed by the existence of energetically different intersticial sites
and by blocking effects due to the high hydrogen concentration. By their proper
ties concerning hydrogen stoéde capacity, hydrogen diffusion and kinetics of

hydrogen absorption and desorption, Ti CrMnH. and LaNi_H, can be con

0.8%%0.2 3 s

sidered the most promissing storage materials for technical applications.
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1, Introduction

Intermetallic hydrides have potencial importance as hydrogen storage mate
rials. For technical applications one distinguishes between so-called ""high-
~temperature hydrides", with dissociation pressures above 1 bar only at tempera
tures above 100°C and "low-temperature hydrides", with dissociation pressures
above 1 bar even below 0°C. The former, mostly intermetallic hydrides based on
Mg, have the advantage of low yeight, whereas fhe latter can be applied more
universally. In this group the Laves phase hydrides TiO.SZrO.ZCrMnH3and LaNiSH6
offer many advantages for technical applications in motor vehicles and for
stationary use owing to their high hydrogen contents and ‘their suitable thermo

(1’2). A topic of considerable

dynamic properties for hydrogen storage purposes
for practical applications and for fundamental research is the diffusion of

hydrogen in the intermetallic compounds. The diffusion is one of the elementary

steps of the kinetics of hydrogen absorption and desorption. One of the most

suitable methods for determining hydrogen diffusion constant is the quasi-

—elastic neutron scattering technique, by which the hydrogen diffusion céqﬁ
(3)

ficient can be determined independently of the inner and outer surfaces .This
technique allows also to obtain information on the microscopic behaviour of the

hydrogen diffusion process.

The aim of the present investigation is to determine, by quasi-elastic
neutron scattering technique, the hydrogen diffusion coefficient in Tio 8Zr0 é
CrMnH3 and LaNi5H6 and to understand details of the hydrogen diffusion process

in these intermetallic hydrides.

2. Quasi-elastic neutron scattering (QNS) of hydrogen in metals

1f slow neutrons are scattered by a metal-hydrogen system, the intensity
of scattered neutrons is mainly determined by the large incoherent scattering
cross section of hydroggn, whereas other contributions can be neglected. The
double differential scattering cross section azo/awaﬁ is proportional to the

incoherent scattering function‘Sinc(Q,m) where fiQ and fiw are respectively  the
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momentum transfer and energy transfer during the scattering process.

At sufficiently small Q the incoherent scattering function is independent

of any model concerning the single diffusive steps and is given by a single
Lorentzian
¥o = 1 T. i (1)
EPER) ™ T2 + (hw)2

The width of the quasi-elastic spectrum is then proportional to the hydro
gen diffusion coefficient D:
2
raQ,T = 4 bp(MQ (2)

where T is the temperature.

As hydrogen diffusion is a thermally induced process, the temperature de
pendence of the macroscopic hydrogen diffusion coefficient D is expected to

obey an Arrhenius law

D(T) = D, exp (- EA/kT) 3

where D; is a constant and E, is the activation energy for hydrogen diffusion

A
process.

It should be noted that QNS experiment measures hydrogen diffusion over
microscopic distances. The typical volume probed in a scattering process at
small Q is (21r/Q)3 = (308)3. Thus QNS is a bulk method where inner or outer
surfaces do not play any role in the determination of the diffusion coefficient.
At large values of Q the neutron samples smaller volumes in space and micro
scopic details of the single diffuse steps appear in the QNS spectrum. For

powder samples where the scattering function has to be averaged over all orien

tations the linewidth for jump diffusion in the entire Q range is often ap
proximated by
6 DH
r = 2|4 . 2e2(0d) l )
: 2 Q
where ¢ is an "effective" jump length.
3. Experimental procedure
The Tio 82r0 2CrMn and LaNi5 alloys were produced by arc melting under

.128,




argon. X-ray investigations ensured that a singlé—phase compound was produced.
For the preparation of the hydrides, the granulated intermetallic compounds were
evacuated to 10—7mmHg and then exposed to 80 bar of H2 gas. After the hydrogen

absorption, the samples were charged and discharged several times in order ' to

achieve an overall homogeneous hydrogen concentration. Finally equilibrium
pressures corresponding to the composition TiO.Ser.ZchnHB and LaNi5H6 were
established, according to the pressure-concentration-temperature data for these
compounds(2’4).

The QNS experiments for Ti CrMnH, and LaNi_H, were carried out using

0.8%%0.2 3 56
(5)

the high resolution backscattering spectrometers installed at the reactors
of KFA-JUlich, Germany, and Institut Laue-Langevin, France, respectively. For
Tio.szro.ZCrMnH3,'quasi—elastic spectra have been recorded at seven temperatures
between 230 and 360 K with seven momentum transfers Q between 0.24 and 1.852—1

for each temperature, while for LaNiSH6 quasi-elastic spectra were obtained at
six temperatures between 280 and 400K for up to 10 momentum trénsfers Q 1in the

range 0.15 - 1.93_1. For LaNi_ measurements were also performed at a  hydrogen

5
concentration corresponding to the minimum hydrogen concentration of the B phase

Bmin’ which decreases with increasing temperature.

In order to obtain the linewidth T, the QNS spectra, corrected for multi

(4’6), were fitted, independently for each temperature

ple scattering effects
and momentum transfer, with Lorentzian functions (equation (1’) cénvoluted with
the corresponding resolution functions. The obtained linewidths are shown in
Figure 1 as a function of Q; the lines in Figure 1 were obtained by fitting
equation(4) to the data. The Q2 dependence of the resulting linewidths (Figure

2) were fitted with equation (2) in order to obtain the hydrogen diffusion coef

ficient in the intermetallic compound for each temperature.

4, Results and discussion

" The hydrogen diffusion coefficients in Ti CrMnH, and LaNi5H6,obtai§

0,85, 27ty

ed following the procedures described in the previous section, are shown in
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Figure 3 where the hydrogen diffusion coefficients are plotted as a function of
temperature. More exactly, Figure 3 is a plot of &nD(T) vs 1000/T. By fitting
equation (3) to be the hydrogen diffusion coefficients shown in Figure 3, the
‘éctiVation energy EA for‘the diffusion process and the pre-exponential factor

Do were determined. Thus, the following Arrhenius equations were obtained:

Tiy gZry ,CrMa: D(D) = (3*D) x 10 8exp (~(220%20) me V/kT)m’s " * (5)

P + =7 + 2 -1
LaNi H, D(T) = (2.1%0.7) x 10 exp(~(275%15)meV/kTn’s (6)
122 -1

yielding for the diffusion coefficients at room temperatures 6.0 x 10 “n°.s

and 5.0 x 10-12m2.s--l respectively.

The validity of the Arrhenius law for these intermetallic compounds in the
investigated temperature range is demonstrated by the excellent fit of equation
(3) to the experimental results shown in Figure 3. Another feature should be
noted at this figure: measurements along the boundary of the/’LaNiSHx B phase
yield the surprising result that the hydrogen diffusion coefficient decreases
with decreasing hydrogen cbncentration, considering that at higher temperatures
the phase boun&ary shifts to lower hydrogen concentrations. Such behaviour can
be understood in terms of energetically non-equivalent hydrogen sites ;r
structural traps which are saturated first. The remaining hydrogen which does
not find an empty trap is able to diffuse faster. This fraction increases with
increasing hydrogen concentration and can produce an increasing hydrogen dif

fusion coefficient despite the increased blocking.

The understanding of the kinetics of hydrogen absorption and desorption by
intermetallic compounds is quite important for practical application.This hetero
genous chemical reaction is composed of several elementary steps: mass transport
of Hz;‘dissociation chemisorption; surface migration; transition from the,che@i
sorbed to tﬁe absorbed state; diffusion in the dilute phase; phase transition
and diffusion in the hydride. The slowest of these elementary steps regulates
the overall kinetics of hydfogen absorption and desorption in the intermetallic

8 . s sio o . :
? ). From the values of diffusion coefficient determined experimental
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Figure 1. Q and T dependence of QNS line widths before (open symbols) and after
(full symbols) multiple scattering correction (MSC).
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Figure 2. Quasi-elastic line widths obtained at small momentum transfers Q
as a function of QZ before and after MSC.

Temperature (K}

M0 0% 70 250 2%
50, . 100,
E T T
= 0 SO oo LaNigH, without ) muthole
'wo b 4 b oo LabicHy m"«}sumenw
e 3} *®o LaNiHga, with | corcection
=10 4 € 2 ~.
' i
=5 b =k
g b H
g N B
H
8 E i,
b 3 !
L 1%
[ . R o . ‘
2.8 30 35 (2] &S xN’ s 30 35 &0
Reciprocal température 1K™} . recprocal tempercture T~ 107"k

Figure 3. Arrhenius plot of the hydrogen diffusion coefficient in the studied
intermetallic compounds before and after MSC.
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ly, it is possible to estimate whether bulk diffusion could be the rate determi

ning step of this complex process. The diffusion reaction-rate constant, accord

(€))

ing to Fick's second law, is given by

KDIFF - T'2 D/rz 1
where r is the radius of the particles that contain the hydrogen.

Using the diffusion coefficients for T=300K obtained in the present paper

and the radius of particles r=0.5p and r=2u for Tio 82r0 2CrMnH3 and LaNiH6

(2,6) DIFF
t ]

respectively, estimated from scanning electron micrographs the K for

both compounds were determined. These values are listed in Table 1, which in
N ABS . DES P
cludes the absorption (K ) and desorption (K ) reaction-rate constants ob

(8)

tained by other authors for a comparison.

‘Table 1. Reaction-rate constants

Compound . KDIFF(S_l) KABS(s—l) KDES(s-l)
TIO.Ser.ZchnH3 ; 200 . 0:1 0.06
LaN15H6 12 \ 0.02 0.01

The data of Table 1 clearly indicate that the diffusion rates are orders
of magnitude larger than the macroscopic absorption and desorption rates. Evi
dently these fast hydrogen diffusion is not the elementary step which regulates
the overall kinetics of hydrogen absorption and desorption in the systems
TiO.Ber.Zchn_HZ &and LaNiS-Hz. ‘

Tﬁe results of QNS obtained at large momentum transfers showed evidences
for the existence of complex diffusion process. While at small Q the line shape
of the QNS spectra can accurately pe described as a éingle lotentziaﬁ after the
inaccuracies due to multiple scattering have been removed by appfopriate cor
'rections, the line shape at larger momentum transfers reveals strong deviatioms.
The quési;elastiﬁ spectra are composed of narrow and broad compbnents which ap

pear to have different temperature dependence.
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The experimental observation of composite spectra at large Q further con
firms the picture of hydrogen diffusion in the presence of -energetically dif
ferent interstitial sites and blocking ;ffects due to the high hydrogen concen
tration. The hydrogen diffusion could be described quantitatively in terms of

(10)

three motional states where the hydrogen atoms propagate over energetically

higher sites; rest at structural traps; and exhibit a rapid local motion.

5. Conclusion

o.82:'().20:'}411}13 and LaN15H6 were de

termined very carefully by QNS technique. It was observed that the fast hydrogen

Hydrogen diffusion coefficient in Ti

diffusion in these compounds is not the elementary step which regulates the over
all kinetics of hydrogen absorption and desorption. By their properties concern
ing hydrogen storage capacity, hydrogen diffusion and low energy ° consumption
hydrogenation process, LaNisH6 and Tio.Ber.ZchnH3 can be considered the most
promissing storage materials for technical applications. The latter hydride.is
especially suited to applications in vehicles because it is astonishingly re
sistant to impurities in the hydrogen refuel gas; hydrogen absorpgion and
desorption take place even in the presence of 4 vol Z CO and 5 vol 7  Nitrogen

and Methane(l’ll).
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