Available online at www.sciencedirect.com

ScienceDirect

JOURNAL OF
PHYSICS AND CHEMISTRY
OF SOLIDS

ELSEVIER Journal of Physics and Chemistry of Solids 69 (2008) 1869—1876

www.elsevier.com/locate/jpcs

Thermodynamic and kinetic properties of
Ho,_,Ti,Co,-hydrogen system

G. Srinivas®®, V. Sankaranarayanan®, S. Ramaprabhu®*

Low Temperature Laboratory, Department of Physics, Indian Institute of Technology Madras, Chennai 600 036, India
® Alternative Energy Technology Laboratory, Department of Physics, Indian Institute of Technology Madras, Chennai 600 036, India

Received 24 April 2007; received in revised form 12 October 2007; accepted 15 November 2007

Abstract

The hydrogen absorption behavior of Laves phase Ho;_, Ti,Co, (x = 0.1-0.6) alloys has been investigated by pressure-concentration
(PC) isotherms and cyclic-, temperature- and pressure-dependent absorption kinetics. The PC isotherms and kinetics of hydrogen
absorption have been studied in the pressure range 0.01-1 bar and temperature range 50-200 °C using Sievert’s-type apparatus. The
drastic changes in the induction period and particle size during the activation process have been discussed based on the kinetics of
repeated hydrogenation cycles and scanning electron microscopy (SEM) images of the hydrides at different hydriding cycles, respectively.
The experimental results of kinetic curves are interpreted using the Johnson—Mehl-Avrami (JMA) model, and the reaction order and
reaction rate have been determined. The «-, («+ f)- and f-phase regions in Ho;_,Ti,Co,-H have been identified from the different slope
regions of the first-order-type kinetic plots. The dependence of the reaction rate parameter on hydriding pressure and temperature in the

(a+ p)-phase region has been discussed.
© 2007 Published by Elsevier Ltd.
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1. Introduction

RETM, (RE = rare earth; TM = Mn, Fe, Co, Ni) Laves
phase compounds easily absorb hydrogen and form stable
hydrides [1-7]. There are very few reports on the thermo-
dynamic and kinetic properties of these RETM,-H,
because of very low plateau pressures and complex
behavior of hydrogen absorption and desorption proper-
ties [1-4]. The hydriding properties can be tuned by partial
replacement or alloying with different kinds of elements
[1,8-13]. Most of the hydrogen storage materials are of
multielement alloys, and a lot of effort has been spent to
optimize the materials for the best practical performance.
However, much less importance has been given for
fundamental understanding of the mechanism and kinetics
of hydrogen absorption reaction. In order to understand
hydride formation, the thermodynamic properties of the
hydrides are very important. The kinetics of the metal
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hydrides has been investigated in order to map the reaction
mechanisms of hydrogen absorption and desorption and to
identify possible rate limiting steps to improve the kinetics.
The reaction kinetics is greatly influenced by temperature
and pressure but mostly, the hydriding—dehydriding
kinetics are investigated with the influence of temperature
in order to determine the reaction rate and mechanism
[14,15]. Few investigations have been carried out on the
effect of the initial hydrogen pressure of the system on the
kinetics of hydrogen absorption [2,3,8,16-21]. In addition
to temperature dependence of the reaction rate, the
hydriding reaction strongly depends on the working
pressure P of hydrogen, when the hydriding pressure is
not too high relative to the equilibrium pressure Peq of the
hydride [3,8,22]. Recently, we have reported the structural
and hydriding-dehydriding properties of Ti substituted
Ho,_,Ti,Co,-H system using powder X-ray diffraction
(XRD), pressure-concentration (PC) isotherms, differential
scanning calorimetry (DSC) and thermogravimetry (TG)
studies [23-25]. The Ho;_,Ti,Co, alloys crystallize in
single-phase cubic C15 Laves structure up to x=0.2. The
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formation of the secondary hexagonal C36 Laves structure
is observed for x>0.2 and the amount of hexagonal to
cubic Laves phase ratio increases with further increasing Ti
substitution without much change in their lattice para-
meters. The variations in the hydrogen absorption plateau
pressure and storage capacity have been discussed based on
the change in the lattice parameter, formation of secondary
hexagonal Laves phase structure and hydriding affinity of
Ho and Ti. In the present study, we report the hydrogen
absorption thermodynamic and kinetic properties of this
Laves phase Ho;_,Ti,Co, alloys. The thermodynamic
parameters have been obtained from the PC isotherms at
different temperatures. The variations in the absorption
kinetics during activation of the samples have been
interpreted wusing the scanning electron microscopy
(SEM) images of the hydrides. The influence of the
hydriding pressure and temperature on the kinetics of
activated samples has been analyzed and the dependence of
rate parameter in the different hydride phase regions is
discussed.

2. Experimental details

Ho,_,Ti,Co, (x=0.1-0.6) alloys were prepared by arc
melting of stoichiometric amounts of constituent elements
Ho, Ti and Co with a purity better than 99.9% under a
protective argon atmosphere. The samples were repeatedly
arc melted with the button being turned over. The weight
loss during arc melting was <0.1 wt%. The ingots were
annealed at 850 °C under vacuum for 72 h. The structural
characterization of the Ho,_,Ti,Co, was carried out by
powder XRD using an X’pert PRO, PANalytical diffract-
ometer with nickel-filtered Cu Ko radiation under ambient
air and scanning in the 26 range of 15-90°, in steps of 0.05°.
The homemade glass vacuum Sievert’s-type experimental
apparatus is used to obtain the PC isotherms and perform
the hydrogen absorption kinetics. Annealed ingots of
about 0.5g were crushed to small pieces and introduced
into the hydriding reactor. Before hydrogenation the
system was flushed with hydrogen five or six times and
was evacuated each time to < 107> mbar. The samples were
activated by repeating hydrogen absorption and desorption
cycles: (1) the absorption measurements have been carried
out at 1bar constant initial hydrogen pressure and
temperatures at 100 and 150 °C, and (2) desorption carried
out in a vacuum and temperature increases up to 800 °C.
The absorption isotherm measurements were started with a
completely desorbed sample. A controlled amount of
hydrogen gas has been admitted into the reaction chamber
that holds a specimen, and the pressure change has been
monitored while maintaining constant temperature of the
reaction chamber. The data points were obtained after
reaching equilibrium pressure at each particular tempera-
ture. The amount of hydrogen absorbed was determined
from the change in pressure measured at constant volume
and temperature. The experiments for determining the
reaction kinetics were performed at a specific temperature,

which is kept constant to within +1°C, at various initial
hydrogen pressures. The variation of the pressure of
hydrogen in the known volume permits one to calculate
the quantity of hydrogen absorbed by the sample as a
function of time. The change in pressure in the hydriding
reaction chamber with time is recorded until no more
pressure change is detected and it is converted to the
change in amount of hydrogen absorbed.

3. Results and discussion
3.1. Thermodynamic properties of hydrogen absorption

The thermodynamic parameters, the reaction enthalpy
(AHy) and the reaction entropy (ASy) of Ho;_,Ti,Co,-H
have been calculated from temperature-dependent plateau
pressure [23] using the van’t Hoff equation:

AH AS
in Py = 2( G- 22).

where T is the temperature in Kelvin and R is the universal
gas constant. P, is the hydrogen absorption equilibrium
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Fig. 1. van’t Hoff plots of Ho;_,Ti,Co,-H for x = 0.1-0.6.

Table 1
The thermodynamic parameters of Ho;_,Ti,Co, (x = 0.1-0.6) hydrides

Hydride composition AH (kJ/mol-H) AS (J/mol-H/K)

HO()_gTi()_]COz-H —170(3) —34(07)
HOO‘gTi()lCOz-H —149(2) —30(05)
H00>7Ti0_3C02-H - 143(2) —29(07)
HOO.GTiOACOz-H —138(2) —28(05)
H00>5Ti0_5C02-H —133(3) —27(07)
Hoy 4Tig ¢Cor-H ~13.0(5) ~27(0.7)
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Fig. 2. Hydrogen absorption kinetic curves of (a) Hog gTip»Co,, (b) Hog ¢ Tiy 4Co5, and (c) Hog 4Tig ¢Co,, during activation with constant initial pressure of 1 bar
and constant temperature of 100 °C; inset of (c) shows the complete kinetic plot of initial hydrogen absorption cycle for Hog 4Tig¢Co- at 1 bar and 150 °C.

Fig. 3. SEM images of Ho, gTiy,Co,-hydrides: (a) and (b) after Ist cycle of hydrogenation and (c) after 3rd cycle of hydrogenation.
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plateau pressure obtained from the center of the plateau
region for each PC isotherm [4]. The van’t Hoff plots of
Ho;_,Ti,Co,-H are shown in Fig. 1, the obtained AHy
and ASy are listed in Table 1. The decrease in the
magnitude of enthalpy in the function of x means that
the stability of the hydrides decreases from Hog ¢Tig 1Co>-H
to Hog 4Tiy.Co,-H. From the previous reports on various
types of alloy hydride systems [4,26-28], the hydride
stability is interpreted in terms of their unit cell volume
and interstitial hole size. The changes in the ASy value are
attributed to the partial substitution of Ti for Ho. The size
and the nearest-neighbor arrangement of various inter-
stitial sites might be varied due to the substitution.
This may be the reason for the changing the magnitude
of ASy values.
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3.2. Activation

Preliminary activation of hydrogen storage alloys is
needed for their normal hydrogen absorption and deso-
rption. The activation process consists of several repeated
hydriding—dehydriding cycles, involves the following steps:
(1) exposure to hydrogen (for absorbing hydrogen), (2)
heating at high temperature in vacuum (for desorbing
hydrogen) and (3) a series of absorption and desorption
cycles. Fig. 2 shows the absorption kinetic curves plotted as
reacted fraction, f'vs. time at different number of hydriding
cycles during activation for Ho;_,Ti,Co,-H. The reacted
fraction, f, is obtained from the ratio f(¢) = (P — P(¢))/
(P — Py), where P is the initial pressure of the reaction.
P(t) and P, are the pressures at time ¢ and final
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Fig. 4. Pressure-dependent kinetic plots (f vs. 7) of activated Hog ¢Tig 1Co,-H and Ho, 7 Tiy 3Co0,-H at different constant temperatures.



G. Srinivas et al. | Journal of Physics and Chemistry of Solids 69 (2008) 1869-1876 1873
a b
1.0 1O
“~ S
: 0.8 f i . : 0.8 f
.§ Hong Tioz CorH .§ Hoy g Tig 4 Coy-H
2 06t 1 2 o6t
h TCO) P/Ppla[eau — TCO) P/Pplalr:au
) o
goaftff e 1 204ttty -
§ —&— 60 333 E —a— 60 27.2
02 —e— 100 100 1 02 r = .
—e— 100 96
—v— 150 34 —w— 150 3.
0.0 , , . 1 0.0 , . A
0 200 400 600 0 200 400 600
time (s) time (s)
C
1.0
g 0.8 Hoy 4 Tig s Cop-H
§ 06 T (°C) PPy
& —m—50 267
E 04 | —e— 75 145
2 —A— 100 7.4
& o2 L —%— 125 38
—e— 150 23
0.0 + —<4— 175 1.8
0 500 1000 1500 2000
time (s)

Fig. 5. Temperature-dependent activated kinetic plots (f vs. ) for (a) HoggTig2Co,-H, (b) Hog ¢Tig4Co,-H and (c) Hog4Tip¢Co,-H at constant initial

hydrogen pressure of 1 bar.

equilibrium, respectively. These kinetic curves clearly
demonstrate the changes observed with successive hydri-
ding—dehydriding cycles. In the initial stage, an incubation
period is followed by an accelerating stage, both of which
become shorter as the number of cycles increases. In
hydriding kinetics it is frequently observed that there is a
sensible induction period until the reaction commences
[3,29,30]. This appears to be generally due to surface oxides
(or sulfides, nitrides, etc.) or to adsorbed gas, which
inhibits hydriding until this layer is ruptured, reduced or
permeated. The induction period drastically reduces with
hydriding—dehydriding cycles due to disintegration of alloy
into small particles and formation of new fresh surfaces
[3,8,31]. The large volume expansion during hydride
formation, the brittle nature of Ho;_,Ti,Co, alloys and
plastic deformation lead to the formation of fine powder
with fresh surfaces. Fig. 3 shows the SEM micrographs of
Hog gTip,Cos-H, subjected to different hydriding cycles
during activation. The vigorous breakage of the alloy
particles can be seen by appearance of large number of
microcracks in Figs. 3(a) and (b) just after a complete
initial hydrogen absorption step. The formation of fine
powders can be seen further repeating hydrogenation
cycles (Fig. 3(c)). During the initial hydrogenation cycles
the bulk alloy continuously decrepitates into smaller
grains. However, this process continues for certain cycles,
then after the grain size of the alloy remains unchanged for
further repeated hydrogenation cycles. The fresh unconta-
minated large surface area of smaller grains of alloy leads
to the uniform hydrogen diffusion on the surface. Further
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1 —
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100 °C, n=0.93
125 °C, n=0.92
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Fig. 6. In[—In(1—f)] vs. In(¢) plots of Hog4TigcCor-H at P = 1 bar with
different hydriding temperatures.

the hydrogen absorption kinetics will be faster in the
smaller grains due to smaller diffusion lengths for
hydrogen.

3.3. Kinetics of hydrogen absorption: influence of pressure
and temperature

Figs. 4 and 5 show the influence of the pressure and
temperature on hydrogen absorption kinetics of some of
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Fig. 7. Pressure-dependent first-order kinetic plots (—In(1—f) vs. #) of Hog¢Tig,Co,-H and Ho, 7 Tio 3Co,-H at different constant temperatures.

the activated Ho;_,Ti,Co, alloys. It can be seen from the
qualitative behavior of kinetic plots in both the figures that
the reaction rate decreased when decreasing hydriding
pressure or increasing temperature. In order to get the
proper reaction mechanism, reaction order and reaction
rate parameters in different hydride phase regions, these
kinetic plots are analyzed further by using the Johnson—
Mehl-Avrami (JMA) theory [32], where the reacted
fraction f{(7) is given as a function of time ¢, by

J(@©) =1 —exp(=kr"), (1)

where k = k(T) is the temperature-dependent rate para-
meter and #n is the reaction order. Rearranging Eq. (1),
we get

In[—In(l —f)]=nlnt+1n k. 2)

Eq. (2) indicates that at a given temperature and pressure
a plot of In[—In(1—£)] vs. In(¢) is expected to be linear. The
slope and intercept of a linear interpolation of the typical
master plots, In[—In(1—f)] vs. In(¢), yield the values of n and

k, respectively. For example, Fig. 6 represents In[—In(1—f)]
vs. In(¢) plots for Hog4Tip¢Cor,-H at P =1 bar with
different hydriding temperatures. A best linear fit of the
experimental data in the (x+ f)-phase region gives the
values of n very close to 1 (n = 140.14). Thus the reaction
order indicates that the hydriding reactions are of first
order. Therefore, the corresponding pressure- and tem-
perature-dependent first-order plots (—In(1—f) vs. ¢) of
Figs. 4 and 5 are shown in Figs. 7 and 8, respectively. These
first-order plots clearly demonstrate that almost in all the
kinetic plots, each one consists of different linear segments,
which extend in the certain range rather than linear over
the entire reaction range. Each line segment represents a
different stage in which the reaction is controlled by a
different process [3,15,33-35]. These plots involve a phase
transformation and demonstrate the existence of three
phases, namely o-, («+f)- and p-phases, which are
observed by the existence of different slopes of the
straight-line segments and are changes at the phase
boundary for each kinetic plot. In some cases, particularly
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at lower temperatures and higher pressures, the o phase
could not be seen, due to the fast hydriding reaction. At
higher temperatures there is no clear evidence of the
f-phase formation in these experimental conditions, due to
the higher equilibrium plateau pressure P.q. The reaction
rate parameters obtained from slopes of the straight-line
segments in different regions, which represent the reaction
proceeds different in different phase regions. It is observed
that the values of rate parameter follows the relation
k((x phase) = k((oc+ﬁ) phase) >k(/; phase)- Thus the reaction rate in
the o phase is fast compared to the rate of H transport
through the f§ phase.

The variation of rate parameter in the («+ ff)-phase
region as a function of pressure and temperature is shown
in Figs. 9 and 10. It is clear that the reaction rates in both
phase regions are largely depending on the hydriding
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Fig. 9. Variation of rate parameter as a function of pressure in the (o + f§)-
phase region for Ho,_,Ti,Co,-H with x = 0.1-0.4 at different constant
temperatures.

T T T T T
0.04 | (o+B)-phase  —— Hogg Tig; Cor-H |
—&— Ho ¢ Tij, Co,-H
~ —4A— Hoy; Tip3 Cor-H
2 003 —&— Hoy 4 Tip 4 Co,-H
2
5 Hoyg 4 Tip 6 Co-H
(5}
=
£ 002 b
<
=¥
i}
<
&
0.01 i
0.00 : ' :
50 100 150 200
T (°C)

Fig. 10. Variation of rate parameter as a function of temperature at a
constant initial pressure of 1 bar for Ho;_,Ti,Co,-H in the (o + ff)-phase
region.

pressure and temperature. The rate parameters increase
almost linearly with increasing hydriding pressure and
follow the opposite trend with increasing temperature. In
most of the cases, it can be seen that the apparent rate
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parameter is independent of applied pressure and further
increases with increasing temperature (i.e., thermally
activated behavior), when hydrogenated at relatively high-
er pressures than their plateau pressures [15,16,36].
However, the rate parameter largely depends on the
driving force, P4 = P—P.q, where P is the applied pressure,
when the hydriding pressure is not high relative to that of
equilibrium plateau pressure. Thus the variations of
reaction rates depending on the hydriding pressure and
temperature in the present case are attributed to the large
change in the driving force Py. When the hydriding kinetics
carried out at near equilibrium pressures, the increase in
temperature would reduce the driving force (P—Pyq), since
the hydrogen equilibrium pressure P, increases with the
increase in temperature. The reaction rate is more sensitive
to temperature in the case of low initial (P—P,q) than that
of high initial (P—Pq). As a result, the reaction rate is
slower at higher temperatures or lower hydriding pressures
[3,17,37—40].

4. Conclusion

The enthalpy of hydride formation representing the
hydride stability decreases with increasing Ti substitution
in Ho;_,Ti,Co,-H. The hydrogen absorption kinetics in
Ho,_,Ti,Co,-H follows the first-order-type reaction. The
hydriding reaction rates of Ho;_,Ti,Co,-H at various
constant temperatures increase almost linearly with in-
creasing applied pressure and follow opposite trend with
temperature due to decrease in the driving force (P—Peq).
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