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Abstract: The reaction of hydrogen with metals to form hydrides has numerous potential energy storage and management
applications. But initially it is first necessary to determine conditions of hydrogen sorption kinetics. In this paper the hydriding kinetics
of TiFeysCogs are studied. Experiments were carried out in thermo gravimetric microbalance with a high sensibility (2.10° g) on a
series of isothermal and isobaric measurement. The kinetics models, namely Johnson—-Mehl-Avrami (JMA) model and Jander diffusion
model (JDM) are used to explain the obtained results. In the first model, the order of the reaction is assumed as unit and in the second
model, the rate constant is calculated by estimating the order by fitting the reaction kinetics data with a reaction kinetics equation. The
activation energy and pre-exponential constants of the above-mentioned alloy are estimated by constructing the Arrhenius plot. The
absorption mechanism of hydrogen and rate-controlling step of the reaction are estimated for the hydride investigated.
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1. Introduction

Among AB intermetallics, FeTi system was studied [1]
various times due to its moderate kinetics with relatively
high equilibrium hydrogen pressure (4.5atm) at room
temperature. However, low storage capacity (1.8 to 1.9wt%)
and O,, H,0, CO poisoning problems could not be resolved
fully in order to use in practical applications. FeTi has CsClI-
type structure which corresponds to Pm.3m space group
with a lattice parameter of 2.9789A. Reilly and Wiswall [2]
observed that FeTi reacts readily to form FeTiH1 (a phase)
and FeTiH2 (y phase) according to reactions:
2.13FeTiHO0.1(a) + H2 — 2.13FeTiH1.04(B) followed by
2.20FeTiH1.04(B) + H2 — 2.20FeTiH1.9(y). The effect of
partial substitution of iron by cobalt on the hydrogenation
properties of the classic TiFe have been recently studied [3]
it was found that when cobalt was added to the alloy the
hydrogen storage capacity decreased markedly from TiFeH,
to TiFegsCopsH15 and the y phase was not formed. The
addition of cobalt as TiFeysCoqs has beneficial effects on
the equilibrium plateaus of the hydrides: the plateaus
become flatter and a significant reduction in the pressure
hysteresis is observed. There is an o phase (hydrogen
insertion in a solid-solution ): the corresponding first partie
of the isotherms obeys to the Siervert law ( ny= P*). In the
same way some TiFe-based alloys have been developed [4]
according to the stoichiometry Til-xAxFel-yBy (A=Zr; B
= Mn, V). The hydrogen solubility properties have been
investigated to develop dynamic hydrides of Ti-based alloys
for hydrogen storage applications. The Til.9CrVFe0.1,
Ti1.9CrVvCo0.1 and Til.9CrVNi0.1 alloys are found [5] to
absorb maximum 3.80, 3.68 and 3.91 wt.% of hydrogen
respectively; whereas, Ti1.8CrVCo0.2 and Til.8CrVNi0.2
alloys show 3.52 and 3.67 wt.% of hydrogen at room
temperature. All the alloys show fast hydrogen absorption
kinetics at the room temperature. From differential scanning
calorimetric measurements, it has been found that Fe, Ni and
Co substitution in place of Ti decreased the hydrogen
desorption temperature drastically compared to the parent
alloy. For [6] the insertion of hydrogen into the structure
causes an increased electron density in the electronic
orbital’s of Fe which were oriented towards hydrogen atoms,

he has also identified a new hydride which is less stable than
the experimentally observed ones, having four hydrogen
atoms per chemical formula.

TiFe-based hydrogen storage materials are highly sensitive
towards gas impurities which induce a significant
deterioration of the hydrogen absorption performances. An
efficient solution to this problem is in modification of the
material surface by the deposition of metals (including
Palladium) capable of catalyzing the dissociative
chemisorptions of hydrogen molecules. In their work
[71.[8].[9].[10] the surface modification of TiFe alloy was
performed using a metal-organic chemical vapour deposition
technique (MOCVD), by the thermal decomposition of
palladium (I1) acetyl acetonate (Pd[acac]2) mixed with the
powder of the parent alloy. Such a treatment was shown to
result in the formation of coatings comprised of palladium
nanoparticles,  which  subsequently  facilitate  the
hydrogenation of the material even after its exposure to air,
which otherwise prove detrimental. However, the
hydrogenation performances were found to be quite
sensitive to MOCVD conditions that, most probably,
originates from side processes in the interaction of gaseous
products of Pd [acac]2 decomposition with TiFe. The
sorption kinetics of the hydride-forming alloy TiFeygNig,
were investigated [11] Overall isothermal reaction rate
measurements were interpreted by assuming a first-order
rate law. The decomposition rates of TiFeygNig,H after
cycling were found to be lower than those obtained for non-
cycled (activated only) alloy The studies [12] reported on
the materials alloy promising results, such as improved
kinetics and lower decomposition temperatures. However, in
spite of this large number of kinetic studies, it is still much
effort to be done to better understand the Kinetic
mechanisms of hydrogen diffusion in metallic alloys

2. Experimental Details

The compound TiFeysCog s is prepared by direct arc melting
under argon atmosphere of the pure components (Ti :
99,99% , Fe : 99,99% , Co :99,99% ) in stoichiometric
proportions. The samples are made homogeneous by several
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remelting and are annealed. The compound is checked by
microprobe analysis. Micrographics show that it is single
phased. The hydrogen used is the ( U) quality of Air Liquid
and is made free of residual water and oxygen traces by
passing it through cartridge of molecular Sievert’s. All the
thermodynamic and kinetic experiments are carried out by
Thermogravimetry in a high pressure microbalance with a
limiting sensitivity of 2ug. The pressure range is from
vacuum 2.10* Pa to pressures up 10 MPa. Temperatures
vary from ambient up to 600°C. Thermogravimetry allows
step by step

P-C-T diagram determination by equilibrium points i.e. : the
system is maintained under stable pressure and temperature
conditions until there is no longer a mass change. The
isotherms are explored both in formation and decomposition
to determine the hysteresis. Kinetic studies are also carried
out in the same device on sample masses of 50mg. One grain
is laid in a silica sample holder to obtain, after activation, a
powder bed of large surface and a thickness of about 0.1mm
to minimize heat gradients

3. Results and discussion
3.1 The Basic Steps of the Hydrogen Diffusion

the sequence of the elementary steps which occur during the
absorption of hydrogen by the metal compounds can be
schematized as follows:

%Hz(gas) — %Hz(surface) — %Hz(activated) —H(sites) —
H(surface) — H(ads) — H(volume) — H( hydride)

1-mass transport: it is possible that this step is the slowest on
condition that the particles to be smaller and/or porous and
that the rate of the reaction is fast[13]

2- chemisorptions of the hydrogen molecule: the number of
molecules of the gaseous phase which shock the unit surface
per second is equal to P/( 2tmRTK)™?in wich m represents
the mass of a molecule, P the pressure in the pore
neighborhood and K the Boltzman constant. The probability
of adhesion is defined as the ratio of the number of
molecules that stay on the surface on the total number of
collision the adhesion rate U (expressed as adsorbed
molecules per second per cm?) can be expressed as follows
U=S.P/(2rmK)*2. For simple adsorption activated S=
o.f(0)exp(- Ea/RT) with f(0) is a function of the surface
covering rate and represents the probability that a collision
occurs on a valid site, the rate equation becomes U=
6.P(2tmK)* f(8)exp(- Ea/RT)

3-dissociation of the hydrogen molecule : if this step is
regulative and the previous step is in equilibrium in this case
the rate of collection at the pressure P, is given by the
adsorption law Langmir : 6 = K;P, /Ky+K,P, ; K;and K, are
the constant rate in both directions

4-diffusion of hydrogen sites to the metal surface : the
diffusion of hydrogen on the surface is more complicated
when must be considered the remaining Jx fux previous

steps and hydrogen diffusion flux to the surface in the steady
state[14]:

oIx/ox +Jx=0

5-transformation of the chemisorbed state to absorbed state:
H( chemisorbed) — H(absorbed) in this step the flux is
given by: J= K,C, —K,Cg in wich Cg is the concentration of
hydrogen in the hydride phase, at the equilibrium pressure
Co = Ceq

6-diffusion through the hydride phase : step in which we
assume a uniform attack leading to almost instantaneous
formation of a protective layer [15] the progress of the
reaction result of the synchronization of the following three
phenomena:

e interfacial reaction external at the interface gas-solid B

e internal interfacial reaction at the interface solid A-solid B

e the diffusion between the two interfaces of the thickness
of the product B

7-transformation phase : in this case the absorption and
diffusion rates are larger than that corresponding to the
precipitation of the new a phase, of which the composition
can only be considered a function of the initial pressure
imposed. The equation for the rate of the regulating step of
the precipitation can be written as follows:

V= K(PHZ' PHZGQ) with (H)dissolved = APHZ

3.2. Some numerical data generally used in the equations
of solid reactions

A large number of reactions in the solid state may be
represented by type equations F(o) = Kt, where a is the
fraction of the material which has reacted at time t. These
equations can also be expressed in the form F(a) = A (t/ t5)
where ty5is the half reaction time and A is a constant which
depends on F(a). This function F(o) depends also on the
reaction mechanism, the size and form of the reacting
particles. However in the kinetic study of solid reactions
significant simplification occurs for some parameters (size,
shape) of the reactant solide. Then we find classical
equations for the evolution of the heterogeneous reaction for
some typical cases.

3.2.1.Reactions controlled by diffusion which starts at
the outside radius r of particles

This type of reactions is characterized by the Valensi [17 ]
equation:

2 K
D4(O() = (1 —§ O() — (1—0()2/3 = (T‘_2>t
for comparing this theoretical equation to the experimental

data, it is more convenient to employ the reduced time t /tys ,
thus Dy4(cr) equation is reduced to

D,(0.5) = 0.0367 = (52) tys

by combining [ 1]and [2] we obtained

t
D, () = 0.0367 (t—)
0.5
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From the equation [3]| a simple curve can be traced and will
be compared directly with experimental data to all pressures
and all temperatures. The dependence o variables (T, P,
...etc) is contained in tys , the constant (K /r ?) is determined
from experimental data or from of equation |2| or simply
from the equation |1]| by tracing D, (a) versus time. The
slope of the droite obtained is (K /r%)

3.2.2. Reactions controlled by diffusion

For a one-dimensional diffusion with a constant diffusion
coefficient, the reactions are governed by the parabolic law
equation:

K
D;(x) = x? = (E)t
2x is the thickness of the reactive layer. This equation can
also put in the form:

D, () = 025( )
the reactions controlled by a two-dimensional diffusion in a
cylinder of radius r obey to the equatlon of J.B.Holt[ 18]

Dy (o) = (1=o) Ln(1—o0) = (-p)t= 01534( )
Most analyzes data given by Valensi [17] reduce to the

equation . 5] when the volume of the obtained product is the
same as the original matéraiu. The equation given by Jander
[] on a diffusion controlled by symmetry shérique takes the
following form:

D3(e9) = [1 = (1= = ()¢ = 0.0426)[E]

3.2.3. Reactions controlled by diffusion in the gain
boundaries

If the reaction is controlled by the movement of a constant
velocity u to interface. The equation that relates o to t may
then be derived from a simple geometric form. Example for
a circular disc or a cylinder we obtained

t
R, () = [1 = (1—e)1/?] = [é] t = 02929
05
for a sphere of radius reacting from the surface:
t
Rs(e0) = [1 - (1-)*%] = [E] ¢ = 0.2063¢—)
T to's

3.2.4. kinetic equations based on the concept of reaction
order
Analytically it is most convenient to use an equation:

= (1-9"[9]
which also applied in the case of reactions in the solid state

for some values of n. The integration of the equation [9] led
to some equations already explained. When n = 1/2 the

integrated equation [9] gives equation [7]as well as n = 2/3
we obtain equation|8].

Sometimes some reactions in the solid state follow a first-
order kinetic law n=1. The integrated form of the equation

[9]is
F(e) =In(1-«) = —Kt+ € =222
tos

for other values of n other than 1; 2/3; 1/2 the obtained
equations have no physical signification

3.2.5. Reactions controlled by nucleation in the gain
boundaries

The mechanism controlling the reaction in the grain
boundary assumed that the germination starts only when the
surface of each particle is covered with a product layer.
However the process of germination can occur at random
and cannot be followed by an increase of the surface. When
the germs grow they come up against with each other this
phenomenon stops when some touch. This process has been
studied by Avrani[19] and Erofe'ev [ 20] who proposes the
following equations:

A, () = [-In(1- oc)]% 08326—

05

[—In(1— oc)]3 =Kt = 0. 8850—

tos

As(x) =

3.3 Experimental Measurements

3.3.1.First hydriding kinetic

The compound TiFeysCog s absorbs hydrogen at 25°C under

a pressure of 4MPa, the first absorption kinetic begins

slowly after an induction period of 5 hours and results in the

final composition hydride TiFeysC0q5 H; 5 after 48 hours of

reaction (Fig.1)
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Figure 1: Kinetic of first hydrogen absorption by
TiFeysCog s

In a previous study [3] we showed that a preliminary
treatment of the sample (10°Pa vacuum at 200°C) leads to
the disappearance of the latency period and an acceleration
of the rate of sorption hydrogen. The sample is called
activated when after several series of formation-
decomposition in the same conditions (4MPa, 25°C) curves
overlap. The result is activation from the second cycle.
These results are in good agreement with those found in the
literature [16].

3.3.2. Isothermal and isobaric kinetic curves

After activation of the sample a series recorded curve
translated in rate of progress (§ = f (t)) were performed at
temperatures ranging from 65 to 115°C and at pressures
ranging from 0,7 to 3 MPa the rate of progress of the
reaction is defined as follows: &=nu/n,, where ny is the
number of hydrogen atoms fixed by the alloy at time t and
n,, the final number of atoms fixed after a very large time.
Family of isothermal and isobaric curves corresponding to
the hydrogenation of TiFeysCoq s are shown in Figures 2 and
3.
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Figure 2: Isobaric curves at different temperatures
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Figure 3: Isothermal curves at different pressures

All these curves are sigmoidal with an inflection point at
t=0.5 and will overlap in a same affinity relative to time
reduced t /tys(fig.4). This suggests that the processes
controlling the kinetics of hydride formation reactions is the
same. The affine sigmoid curve of Figure 4 can be divided
into three domains each translate a mechanism. First domain
very narrow whose concavity is oriented upward
corresponding to the appearance of first germs on potential
sites.
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Figure 4: Affinity of the isothermal curves as a function of
the reduced time

(0:0.7MPa), (A: 1MPa), (c:1.5MPa), ( o: 2MPa), (A:
3MPa)

Second domain very large range of almost linear shape
corresponding to both germination and growth. In the third
domain germs become large enough and collide with each
other, which leads to a slowing of the rate of reaction and
limits the diffusion of hydrogen in the mass of the solid. On
the other hand isotherms and isobaric experimental curves
are suitably linearizing in the equation of Johnson and Mehl
[21] for values of x ranging from 0.15 to 0.85 as shown in

figure5. [—In(1 — &) V2% = %t . Such an equation reflects a

mechanism witch controlled by nucleation and growth (K; is
the interfacial velocity and a; the average radius of the
grains)
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Figure 5: Linearization of sigmoidal curves into the
equation of Johnson and Mehl [21]

3.2.3. Exploitation results of kinetic curves

the variations of the instantaneous speed Vs depending on
the deviation from the equilibrium pressure (fig.6) are linear
and can be expressed in the following form:

Vos = %(PH2 — P,) the speed interfacial K; is function of

the parameters sample such as: the period, the frequency of
cycles, the size ....etc.
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Figure 6: Variation of the instantaneous speed as a function
of the deviation from the equilibrium pressure

P, designates the equilibrium pressure for which the speed is
zero, if the term K; follows the law of the Arrhenius the rate

Ea
equation V; s becomes: V5 = %e‘ﬁ(PHZ —P,), Ea is the
apparent activation energy for the conversion of TiFey5C0qs
into hydride, it can be deduced from the graph ln%z

f(%) represented in figure.7

3 T T T T
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10%4T (K7}
Figure 7: Determination of activation energy

Note that the values K—fare the slopes of the straight lines of

aj
Johnson and Mehl [21] the activation energy obtained is
Ea=30.2 KJ/mol.H,

4. Conclusion

The Kkinetic study of hydrogen absorption by the TiFe

compound has allowed us to draw some important results.

e Sample activation is easy, two cycles are sufficient to
attain repeatability of experimental curves.

o The hydrogenation reactions are fast

e The curves of the hydride formation reactions are
sigmoidal form and can be transformed into straight
according to the johnson and mehl equation which reflects
a mechanism controlled by the nucleation and growth.

e A logical continuation of this work is to study the
evolution of the grain size with the number of cycles and

also the mechanical stress caused by the loading of the
alloy by hydrogen
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	6-diffusion through the hydride phase : step in which we assume a uniform attack leading to almost instantaneous formation of a protective layer [15] the progress of the reaction result of the synchronization of the following three phenomena:
	interfacial reaction external at the interface gas-solid B
	internal interfacial reaction at the interface solid A-solid B
	the diffusion between the two interfaces of the thickness of the product B
	7-transformation phase : in this case the absorption and diffusion rates are larger than that corresponding to the precipitation of the new phase, of which the composition can only be considered a function of the initial pressure imposed. The equati...
	V= K(PH2- PH2eq) with (H)dissolved = APH2
	3.2. Some numerical data generally used in the equations of solid reactions
	A large number of reactions in the solid state may be represented by type equations F() = Kt, where a is the fraction of the material which has reacted at time t. These equations can also be expressed in the form F() = A (t/ t0.5) where t0.5 is the ...
	3.2.1.Reactions controlled by diffusion which starts at the outside radius r of particles
	This type of reactions is characterized by the Valensi [17 ] equation:
	,D-4.,∝.=,1−,2-3.∝.−,(1−∝)-2/3.=,,𝐾-,𝑟-2...t ,1.
	3.2.2. Reactions controlled by diffusion
	For a one-dimensional diffusion with a constant diffusion coefficient, the reactions are governed by the parabolic law equation:
	,𝐷-1.(∝)= ,∝-2 .=,,𝐾-2𝑋..t ,4.
	2x is the thickness of the reactive layer. This equation can also put in the form:
	,D-1.,∝.=0.25,,𝑡-,𝑡-0.5... ,4.
	the reactions controlled by a two-dimensional diffusion in a cylinder of radius r obey to the equation of J.B.Holt[ 18]
	, 𝐷-2.,∝.=,1−∝.𝐿𝑛,1−∝.+∝=(,𝐾-,𝑟-2..)𝑡=0.1534,,𝑡-,𝑡-0.5... ,5.
	Most analyzes data given by Valensi [17] reduce to the equation ,5. when the volume of the obtained product is the same as the original matéraiu. The equation given by Jander [] on a diffusion controlled by symmetry shérique takes the following form:
	,D-3.,∝.=,,1−,(1−∝)-1/3..-2.=(,𝐾-,𝑟-2..)𝑡 =0.0426(,𝑡-,𝑡-0.5..) ,6.
	3.2.3. Reactions controlled by diffusion in the gain boundaries
	If the reaction is controlled by the movement of a constant velocity  to interface. The equation that relates  to t may then be derived from a simple geometric form. Example for a circular disc or a cylinder we obtained
	,R-2.,∝.=,1−,(1−∝)-1/2..=,,𝜇-𝑟..𝑡 = 0.2929(,𝑡-,𝑡-0.5..) ,7. for a sphere of radius reacting from the surface:
	,R-3.,∝.=,1−,(1−∝)-1/3..=,,𝜇-𝑟..𝑡 = 0.2063(,𝑡-,𝑡-0.5..) ,8.
	3.2.4. kinetic equations based on the concept of reaction order
	Analytically it is most convenient to use an equation:
	, d∝-dt.=,,1−∝.-n. ,9.
	which also applied in the case of reactions in the solid state for some values of n. The integration of the equation ,9. led to some equations already explained. When n = 1/2 the integrated equation ,9. gives equation ,7. as well as n = 2/3 we obtain...
	Sometimes some reactions in the solid state follow a first-order kinetic law n=1. The integrated form of the equation ,9. is
	F,∝.=,ln-,1−∝..= −Kt+C=,0.693-,t-0.5.. ,10.
	for other values of n other than 1; 2/3; 1/2 the obtained equations have no physical signification
	3.2.5. Reactions controlled by nucleation in the gain boundaries
	The mechanism controlling the reaction in the grain boundary assumed that the germination starts only when the surface of each particle is covered with a product layer. However the process of germination can occur at random and cannot be followed by a...
	,A-2.,∝.=,,−,ln-,1−∝...-,1-2..=Kt=0.8326,t-,t-0.5.. ,11.
	,A-3.,∝.=,,−,ln-,1−∝...-,1-3..=Kt=0.8850,t-,t-0.5.. ,12.
	3.3 Experimental Measurements
	3.3.1.First hydriding kinetic
	The compound TiFe0,5Co0,5 absorbs hydrogen at 25 C under a pressure of 4MPa, the first absorption kinetic begins slowly after an induction period of 5 hours and results in the final composition hydride TiFe0,5Co0,5 H1,5 after 48 hours of reaction (Fig.1)
	/
	In a previous study [3] we showed that a preliminary treatment of the sample (10-5Pa vacuum at 200 C) leads to the disappearance of the latency period and an acceleration of the rate of sorption hydrogen. The sample is called activated when after seve...
	3.3.2. Isothermal and isobaric kinetic curves
	After activation of the sample a series recorded curve translated in rate of progress ( = f (t)) were performed at temperatures ranging from 65 to 115 C and at pressures ranging from 0,7 to 3 MPa the rate of progress of the reaction is defined as fol...
	/
	Figure 2: Isobaric curves at different temperatures
	/
	Figure 3: Isothermal curves at different pressures
	All these curves are sigmoidal with an inflection point at t=0.5 and will overlap in a same affinity relative to time reduced t /t0.5(fig.4). This suggests that the processes controlling the kinetics of hydride formation reactions is the same. The aff...
	/
	Figure 4: Affinity of the isothermal curves as a function of the reduced time
	(●:0.7MPa), (▲: 1MPa), (○:1.5MPa), ( □: 2MPa), (∆: 3MPa)
	Second domain very large range of almost linear shape corresponding to both germination and growth. In the third domain germs become large enough and collide with each other, which leads to a slowing of the rate of reaction and limits the diffusion of...
	/
	Figure 5: Linearization of sigmoidal curves into the equation of Johnson and Mehl [21]
	3.2.3. Exploitation results of kinetic curves
	the variations of the instantaneous speed V0.5 depending on the deviation from the equilibrium pressure (fig.6) are linear and can be expressed in the following form:
	,V-0.5.= ,,𝐾-𝑖.-,𝑎-𝑖..(,𝑃-𝐻2.−,𝑃-𝑒.) the speed interfacial ,𝐾-𝑖. is function of the parameters sample such as: the period, the frequency of cycles, the size ....etc.
	,V-0.5.= ,,𝐾-𝑖.-,𝑎-𝑖..(,𝑃-𝐻2.−,𝑃-𝑒.) the speed interfacial ,𝐾-𝑖. is function of the parameters sample such as: the period, the frequency of cycles, the size ....etc.
	/
	Figure 6: Variation of the instantaneous speed as a function of the deviation from the equilibrium pressure
	Pe designates the equilibrium pressure for which the speed is zero, if the term ,𝐾-𝑖. follows the law of the Arrhenius the rate equation ,V-0.5. becomes: ,V-0.5.=,,𝐾-0.-,𝑎-𝑖..,𝑒-−,𝐸𝑎-𝑅𝑇..,,𝑃-𝐻2.−,𝑃-𝑒.., Ea is the apparent activation ener...
	/
	Figure 7: Determination of activation energy
	Note that the values ,,𝐾-𝑖.-,𝑎-𝑖.. are the slopes of the straight lines of Johnson and Mehl [21] the activation energy obtained is Ea=30.2 KJ/mol.H2
	The kinetic study of hydrogen absorption by the TiFe compound has allowed us to draw some important results.
	Sample activation is easy, two cycles are sufficient to attain repeatability of experimental curves.
	The hydrogenation reactions are fast
	The curves of the hydride formation reactions are sigmoidal form and can be transformed into straight according to the johnson and mehl equation which reflects a mechanism controlled by the nucleation and growth.
	A logical continuation of this work is to study the evolution of the grain size with the number of cycles and also the mechanical stress caused by the loading of the alloy by hydrogen
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