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Abstract

A relationship between the size of the z-axis lattice parameter and the
rate of hydrogenation of DS8g phases has been established. Materials with c-
axis in the range 0.632-0.642 nm are most resistant to hydrogen content
increase whilst maintaining a fast sorption capability for 0.9-10 H (fu)'.
From this YsSi;Ge and YsSiyGeNj; have been prepared and used to establish
the hydrogen sorption kinetics at a range of temperatures and pressures of
hydrogen. The effect that nitrogen has on the alloy is to increase reaction
rates by a factor of approximately 3. Thermogravimetric plots were first
analysed by the J-M-A -equation as used by Goudy ® Arrhenius
representation of the first and second order equations indicate a significant
change in reaction mechanism at 740-745 K. Activation energies are in the
range 84-166 kJ (mol)" depending on order and temperature.
Keywords: Hydrogen storage material, Interstitial alloys, Gas-solid reactions,
Kinetics; Thermal analysis
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Introduction

The reaction of D8g -phases,
such as YsSi;, with hydrogen has
been described in previously '**). A
potentially useful, fast
absorption/desorption reaction has
been described with an wunusual
feature in that it eventually ceases as
the overall H content of the silicide
builds-up. When x in Y3SizHy is >4.5
the 0.9-1.0 H(fu)'( Hydrogen /
Formula unit) that is rapidly
reversible in this total ceases to be
active. A possible explanation for
this behavior lies in the transfer of
hydrogen atoms from sites that are
affected by an a<«>[ phase change to
more stable sites within the crystal
structure.  Several techniques have
been applied in an attempt to probe
this possibility ). Here we
describe kinetic experiments
developed to study the process.

From kinetic studies it is possible
to derive reaction pathways and
models®” and this may enable the
detrimental process leading to the
loss through the fast reaction to be
better understood. Furthermore, no
quantitative kinetic data has been
reported and yet a fast process is
constantly assumed . Most
hydrogen storage kinetic studies have
involved LaNis and it derivatives (6-12)
. The hydrogen reaction kinetics of
the hexagonal D8s special ceramics
has not been previously reported.

When we had been attempting
to study the reaction kinetics of the
aristotype YsSiz we were faced with
the various problems, some of which
are due to the properties of the
materials while others were due to
the technical problems associated
with the limitation of the equipment
available for this work, they are as

following :-
1. As the temperature increases the
composition of the alloys

changes (due to the slow build up
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of the irreversible hydrogen).
This means that it is not possible
to obtain result from material of
exactly the same hydrogen
composition at a range of
temperatures and pressures.

2. As the pressure is increased the

problem in 1 becomes more acute
i.e. the composition at which o[
transformation and the rapid
reaction happens, changes as the
hydrogen content increases, and
is not just a function of
temperature and pressure. There
is also the added complication
that as the hydrogen content
increases  the  volume  of
hydrogen moved at the o—f
transformation decreases.

3. The thermogravimetric balance

available for this work, due to its
excellent sensitivity, had an in-
built problem, which limited the
way the experiments could be
performed If too great a pressure
change was needed to promote
desorption then the electronic
output became locked and no data
was available for several seconds

4. Thermal capacitance i.e. it takes a

long time to reach an equilibrium
temperature due to the thickness
of the autoclave walls.

In order to limit these
problems and make a quantitative
kinetic study a system that took the
longest time to reach the critical
value of x > 4 5 in MsX3Hy at high
temperatures and elevated hydrogen
pressure had to be identified. This
was undertaken by exploring the
change in hydrogen content over a 5-
cycle-heating/cooling program for a
number of DS8g-phases. The results
from this survey are presented here
and are interesting in that a
relationship ~ between  hydrogen
reactivity and  c-axis  lattice
parameter was identified.

Two  compositions  were
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found to show the most promise for
kinetic experiments, namely YsSi,Ge
and a nitrogen doped variant:
Y;5Si;Ge(N). The work presented in
this paper was done using these two
materials.

A procedure was developed
to minimize some of the general
problems encountered in this type of
investigation and assist in
establishing comparative data. It is
common to use powdered material to
increase sensitivity but this leads to
heat transfer problems whereby the
kinetics are limited by heat transfer
and not chemical reactivity. In this
work to overcome heat transfer
difficulties, the samples were
maintained as single, small arc-cast
beads of nearly identical surface area
and a very sensitive microbalance
was used throughout.

Mass change against time
plots were obtained over a limited but
not constant hydride composition.
The data was examined using a

simple approach based on the
Johnson-Mehl-Avrami equation as
set out by Goudy et.al ©® " This

approach generates two equations for

first and second order reactions
respectively:

In(C,/C) =kt @)
and

1/C - I/C, = kot 2)

In these equations C, is the
hydrogen concentration in the hydride
at the start of the experiment, C is the
concentration of hydrogen in the
hydride at time t and k; and k;, are the
reaction rate constants.

The order is indicated from the
linearity of plots of these equations.
To wuse this method with the
materials studied in this work one is
facing with is the problem of overall
composition change as the alloys
gradually increase their irreversible
hydrogen content while still rapidly
exchanging about 0.9 H(fu)"' at each
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temperature cycle is occurred . Thus,
a definition of C and C, is needed.
Here we define C, as being equal to
Xo / (8 + x,) and C as x¢ /(8 + xy),
where x, is the number of H(fu)' at
the start of the experiment and x; is
the number of H(fu)"' at any time t.
The value 8 is the number of non-
hydrogen atoms in the alloy.

Experimental Details

All the silicide, germanide
and nitride alloys were made by the
procedures described in the most
recent previous publications '+%).
These stock samples were fractured
into small pieces so that x-ray and
metallographic analyses could be
done. The x-ray lattice parameters
were found using a Hagg-Guinier
focusing x-ray camera and Cu K
wavelength. The samples selected
for the desorption kinetics were
subjected to EDX analysis on a
Philips 626 SEM machine to establish
their complete composition
(university of Bradford , UK). This
practice revealed that care had to be
taken in the selection because some
arc melted beads were found to
contain argon as shown in Fig 1.
Samples containing argon gave
weight losses at 495 K that might
have interfered with the hydrogen
desorbtion results. The interesting
question is where does this argon
come from, is it physically trapped or
occluded into the open network
structure of these materials?

Approximately 50 mg pieces
were quickly remelted. The resultant
was an almost spherical sample, the
dimensions of which were determined
by a micrometer guage and the
volume calculated as a hemisphere
plus residual disc. This process
showed that surface areas and sample
volumes were always within 10%.

The best samples for the
quantitative kinetic study were found
by measuring the final hydride
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composition, MsX3H, after 5 cycles
of absorption and desorption. In this
context best means the smallest value
of'y.

For the kinetic work most
effort was devoted to desorption
studies and the procedure was as
follows; A small beads was heated in
hydrogen gas at 1 atmosphere
pressure and the weight gain was
monitored. At some elevated
temperature, the weight gain ceased
and the sample began to desorb
hydrogen previously absorbed. The
hydrogen pressure was increased to
prevent desorption and an isothermal
temperature was set.

When the isotherm was
reached the pressure was rapidly
reduced to 1 atmosphere to allow
desorption. This process did cause
the electronic response to be delayed
and the first seconds of the reaction

could not be monitored. When
sufficient data was collected,
the pressure was re-established

causing re-absorption and a new
isotherm was set and the process
repeated. This went on until the
hydride composition exceeded the
range set as described in the
introduction.

Plot of mass loss against time
and fraction reacted against time were
established from the data outputs.

Results

A series of D8g-alloys were
prepared with their x-ray c-axes in
the range 0.558 nm, ZrsSi3, to 0.663
nm, NdsGes;, and standard hydrogen
absorption tests were carried out to
determine their hydrogen reactivity;
the results are summarized in Tablel
along with data from earlier work.
The results show that the rate of
composition drift to higher hydride
compositions is least in the materials
with c-axis parameters in the mid-
range, 0.632-0.642 nm. This is why
Y5S1,GeNy ; and Y5S1,Ge were chosen
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for these kinetic studies.

Figure 2 is a typical fraction
of hydrogen desorbed against time at
various temperatures temperature for
Y5Si,GeHy+y, where y is the desorbed
amount of hydrogen. From plots such
as those shown, the reaction was
tested by applying the data to
equations (1) and (2) for both the
alloy and the nitride samples.
Reaction rate constants from this
exercise are given in Table 2. The
lines that can be drawn through the
amount desorbed against time data
according to Eqns (1) and (2), such as
those in Fig 3, show that it is not
possible to distinguish between first
order and second order as both give
equally good linearity.

Amount of hydrogen desorbed
against time plots were used to test
for reaction order in both cases at
temperatures up to 790 K. In the case
of the Y5Si1,GeNy 1Hy+y alloy they were
found to be sigmoidal up to 745 K for
both first and second order functions.
At temperatures above 745 K the
plots become linear like those for the
nitrogen-free alloy above 718 K. The
rate constants in Table 2 show that
nitrogen has the effect of increasing
the desorption rate by nearly three
times. There is a noticeable
temperature effect, more so for the
nitride, that in the range 743-763 K a
minimum rate occurs on either side of
which a different controlling process
must be operating. To investigate
this possibility semi-log Arrhenius
plots were made from the data in
Table 2. Figure 4 is one such plot for
the first order equation for
Y;sSi,GeHy+y,. The temperature effect
on the rate is clearly shown as a
break at 740-745 K. The lines for
low temperature points produced an
activation energy of 166 kJ mol” for
the nitrogen-free alloy. The possible
reasons for the wunusual, slightly
negative slope of the line above 745 K
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are discussed later.
order reaction the low-temperature

For the second

range activation energy is 127.9 kJ

mol’!

while the high temperature
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results produce a line of greater
negative slope.

Table 1: The c-axis parameter effect on the hydrogen reactivity of D8g alloys

Composition
c-axis Fast After 5
Alloy parameter reversibility | hydrogenation Reference
nm H(fu) * cycles
H(fu) *
NdsGe; 0.6630 0 7.0 14
YsSns 0.6520 0.12 6.0 this work
GdsGes 0.6440 0.91 4.0 this work
Ers,LaGe; 0.6421-0.6396 0-1.18 6.0-3.0 14
GdsASc,Si3®  |0.6419-0.6272 0-0.76 6.0-4.0 14
Y5Si3Co3 0.6419 12© 5.0 2
Y5SiGeNp 0.6400 1.0 20 1, this work
YsGes 0.6400 0.9 5.5 14
Y5Si,Ge 0.6378 0.6 3.0 this work
Y5Si3No 4" 0.6361 0.7 4.5 1
Y;Si3 0.6351 0.95 3.7 this work
Ers,NdGe; |0.6320-0.6276 1.0-0.35 349 14
ErsGe; 0.6280 0.68 3.5 14
ScsSis 0.5810 0 <1.0 this work
7r5Si 0.5580 0 <05 14

(a) Sample needed to be activated and overall the reversible was 2.5 H(fu)"' consisting of 1.0 fast plus
1.5 by a fairly rapid diffusion process, hence the value of 1.2 at the temperature for last reversibility.

Unusual in that it never lost fast reversibility even when the composition exceeded 4.5
(b)N composition is nominal and sample was single phase made from YN + Y + Si

(c) Main sample for kinetic experiments
(d)Sample is resistant to hydrogen content build-up
(e) Sample had to be activated by pressure and temperature cycles and showed two stage reactions
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Table 2: The effect of temperature
on hydrogen desorption rates for
Y5Si2G€HX+y and Y5Si2G€N()‘1HX+y

using equations 1 & 2
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order data that predicts a decrease in
the energy for the process as would
be expected from an increasing rate
of reaction at constant temperature.

Temperature Y5Si,GeHysy Y5Si,GeNg 1 Hyay
Reaction Rate | Reaction Rate | Reaction Kate | Reaction Rate
K from Eq 1 from Eq 2 from Eq 1 from Eq. 2
st mol s st mol™ts™?
710 1.19 5.8 541 303
718 2.44 111 5.71 313
728 3.03 133 9.09 50.0
733 - - 8.70 55.6
738 3.45 150 - -
743 3.13 132 7.70 47.0
760 4.55 17.6 - -
763 - - 10.50 59.0
768 4.55 15.8 143 79.0
783 - - 16.00 910
789 4.29 13.6 - -
Discussion
The nitride alloy gave rise to The wide ranging

sigmoidal shaped InC/C, v time and
I/C - I/C, v time curves up to 744K
for both first and second order
reactions and it was not possible to
distinguish  between the two.
However, considering the mid-part of
the curves to be linear, values for
activation energies were calculated
and found to give an average first
order value of 116 kJ mol™' and 141 kJ
mol™ for the second order possibility.
At temperatures above 744K the
reaction rate function plots were all
linear that led to activation energies
of 98.4 kJ mol" for the first order
function and 84.3 kJ mol” for the
second order. The effect that nitrogen
has in the solid is to increase the rate
of desorption on average by factor of
3. When considering the change in
activation energies it is only the first
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preparations and hydrogen sorption
experiments done to find suitable
candidate materials for reaction
kinetic studies have revealed an
interesting correlation between the
volume of the x-ray unit cell and the
stability of the DS8g-phases towards
hydrogen. Increasing the unit cell
volume has the effect of enhancing
the hydrogen reactivity. This
property of these materials is
particularly associated with the c-axis
length.  Subsequent calculations, to
be reported later, show that the c-axis
length is the parameter directly
involved in changing the size of the
interstitial site where non-metal
atoms may reside. The calculations
indicate that the key to a fast
desorption is to have H atoms in sites
that have 4M and 2X atoms, where X
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is Si, Ge or C, in an elongated

octahedral interstitial space. The size

of such sites and hence their
availability and bonding energy
between H and M and X is related to

the distance between X-X and X-M.

Since the X-X distance is mostly a

function of c-axis length, this is why

these systems seem to be very
sensitive to c-axis parameter changes.

No specific reaction rate data are

given in Table 1 but reactivity is

implied in the H (fu)" figures quoted
after the 5 abs/des cycles. Several

points emerge from Table 1:-

. When the c-axis exceeds
0.65nm the reaction is very
rapid and
saturation soon occurs. This
results in no fast reversible

hydrogen
content

. When the c-axis is less
than 0.60nm reaction is
extremely slow and sites
responsible for the fast
reversibility are not filled.

* Materials with c-axis length

between the above values have

reaction

rates that decrease as the c-axis

length decreases and useful

reversibility can be maintained

for many cycles.
* The volume of reversible
hydrogen in samples with the c-axis
values between the two limits can be
influenced by the  non-metal
composition of the alloy. Control is
through M-H and X-H site bond
energies and by including other non-
metal atoms in the octahedral sites.

The choice of YsSirGe and

YsSi;GeNy; for kinetic experiments
was made on the basis of the above
analysis and provides for the first
time a numerical comparison of rate
data for samples with a small change
in c-axis and a small inclusion of
atoms in the octahedral sites.
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The physical form of the
samples had to be taken into account
because hydrogenation in other
systems is often reported as being
dominated by heat transfer problems
caused by large enthalpy changes.
Fine powders diluted with metal
powders, such as aluminium, are
sometimes used (6). Such loose
powders, even with metal diluents,

have heat transfer difficulties
because of limited interparticle
contact. In this work a detection

system sensitive enough to enable a
small arc-cast bead to be used was
available. In such a bead the grains
are in close contact. Only one bead
was used per experiment and the
simple shape enabled a surface area
to be calculated and wused to
standardize the rate data.

A small amount of nitrogen,
0.IN (fu)', is able to increase
reaction rates by approximately a
factor of 3 whether the process is
considered as first or second order.
However it is only the simple first
order approach that shows a
decreased activation energy in all
temperature ranges which may be an
indication that the simple analysis as
a first order process is correct. The
percentage increase in c-axis length
for YsSi,GeNy; compared to YsSi,Ge
is only 0.3% which is sufficient to
cause a 3 fold increase in reaction
rate. This emphasizes the importance
of the c-axis parameter as a rate
determining feature.

A second order presentation of
the data, Fig. 5 indicates most clearly
the temperature of 745 K at which the
dominant mechanism changes. It
also confirms the critical role of
hydride composition in the change
over as 3.0-3.3 H (fu)™".
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Fig. 1 EDX analysis showing argon release from YsSi,Ge
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Fig. 2 Fraction of hydrogen desorbed as a function of time at different
temperatures.
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Fig. 3 Typical experimental plots of equations (1) and (2) for hydrogen
desorption " from YsSi,GeHy at 718 K.
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Fig. 4 Semi-log plot of first order rate constants for desorption from
Y5SizGeHx+y
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Fig5 Semi-log plot of second order rate constants for desorption from
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