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Specific features of the thermodynamics of activation
in the LaNi5—H2 and CeNi5—H2 systems
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Using heat conducting Tian—Calvet calorimetry and volumetric measurements, the first
hydrogen absorption—desorption cycles in the LaNi5—H2 and CeNi5—H2 systems were stud�
ied. The pressure—composition isotherms were plotted, the equilibrium pressures of hydrogen
along the absorption and desorption branches and in the region of hysteresis for different
activation steps were determined, and the enthalpies of phase transitions α → β and β → α were
calculated. The profiles of the heat evolution curves were analyzed. It was concluded that the
mechanism of the reactions studied changes upon activation.
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Due to the ability to irreversibly absorb hydrogen in
wide pressure and temperatures ranges, intermetallic com�
pounds (IMC) are promising materials for hydrogen ac�
cumulation and storage, they can also be used to manu�
facture metal hydride electrochemical current sources, to
extract hydrogen from hydrogen�containing industrial
gases, and prepare novel magnetic materials.

To use hydrides of IMC for practical purposes, one
needs information on the thermodynamics and mecha�
nism of hydrogen absorption and desorption, which de�
pend substantially on the number of cycles.

The so�called activation process, viz., the behavior of
a metal hydride system during the first three—ten cycles,
is of special interest. However, the majority of publica�
tions deals with the properties of already activated IMC,
i.e., with materials preliminarily subjected to several
hydrogenation—dehydrogenation cycles to achieve stable
hydrogen�sorption characteristics.

The equilibrium pressure, concentration boundaries
of the phase regions, and hysteresis factor change consid�
erably between the first and subsequent cycle for the
IMC—Н2 systems. In the first cycle, absorption involves
a long induction period and, hence, equilibration in the
IMC—hydrogen system also requires a significant time.
Subsequent absorption—desorption cycles are accompa�
nied by the fast absorption of hydrogen almost without an
induction effect.1—5

The absorption pressure in the plateau region decreases
sharply on going from the first to second cycle, and the
desorption pressure changes insignificantly.1—3 The au�
thors relate this phenomenon to a considerable increase
in the metallic matrix volume and the appearance of many
defects and microstrains. Indeed, this is in the first cycle

where the starting intermetallide is spontaneously crushed
(hydride dispersion) and a new microstructure corre�
sponding to the activated state is formed. During cyclic
operations including hydrogen absorption—desorption,
the particle size of LaNi5 decreases from 150—300 µm in
the initial state to 5—25 µm in the fifth cycle.3 In the first
cycle of hydrogen absorption—desorption, the size of co�
herent scattering (crystallite) regions shortens sharply,
whereas the level of microstrains in the crystalline lattice
increases.6

Thus, the mechanism of hydrogen absorption in the
first cycle differs substantially from those in the subse�
quent cycles. Transformations occurred in the solid phase
require additional energy expenses, which should affect
the thermodynamic parameters of hydride formation.

However, published data on the thermodynamic regu�
larities of the activation process are unavailable up to
recently, and even estimated values of enthalpy and en�
tropy changes in the first cycle of hydrogen absorption by
nonactivated intermetallides are absent. In this work, we
studied the first cycles of hydrogen absorption—desorp�
tion by intermetallides LaNi5 and CeNi5 using the con�
struction of "pressure—composition" isotherms and di�
rect calorimetric measurements.

Experimental

The starting intermetallides were prepared by melting a blend
of high�purity metals (La, 99.8%; Ce, 99.8%; and Ni, 99.96%)
in an electric�arc furnace with an inexpensive electrode under a
purified argon pressure. To achieve homogenization, the alloys
were remelted three times. The elemental composition of the
resulting intermetallides was determined by inductively�coupled



Yakovleva et al.136 Russ.Chem.Bull., Int.Ed., Vol. 54, No. 1, January, 2005

plasma atomic emission spectroscopy. The phase composition
of the prepared samples was determined by X�ray diffraction
analysis.

An experimental setup for calorimetric studies at low pres�
sures (to 6 MPa) consisted of a system of dosed gas supply
connected with a Tian—Calvet calorimeter. The setup and pro�
cedure have previously been described in detail.7—9

During experiments, quantities of gaseous hydrogen
(0.0002—0.0003 mol) were introduced into a cell of the calo�
rimeter containing 0.7—1.5 g of an intermetallide, and simulta�
neously the heat effect of the reaction was monitored as a func�
tion of the time and amount of reacted hydrogen. The composi�
tion of the hydride phase that formed was determined as H/IMC,
i.e., the number of hydrogen atoms per formula unit of the
intermetallide. A new gas portion was not given until the instru�
ment signal returned to the zero line. Special�purity grade hy�
drogen with the admixture content ≤10–5 vol.%, which was ob�
tained by desorption from the LaNi5�based hydride phase at
353 K, was used for hydrogenation. The partial molar enthalpies
of absorption (desorption) ∆H were determined from the heat
effect of the reaction

α�LaNi5Hx + 0.5y H2    β�LaNi5Hx+y.

The measurement error was expressed as a square�mean
error of the average result σ2 = Σ∆2/n(n – 1), where ∆ is the
deviation of the result from the average value, and n is the
number of measurements.

The use of the differential scheme of a calorimeter made it
possible to exclude corrections to the heat effect related to the
introduction of hydrogen to the system and to a change in the
external conditions for a prolong experiment.

A unique procedure10 of precise Р—V—T measurements in
the hydrogen pressure range below 200 MPa and at tempera�
tures from 195 to 673 K was used to study the thermodynamics
of processes in the system with a high equilibrium pressure. The
amount of absorbed hydrogen was determined from a pressure
change in the system and calculated by the equation of state of
strongly compressed hydrogen.11 To calculate the thermody�
namic parameters of formation and decomposition of the hy�
dride phases by P—V—T, we used the fugacity of hydrogen
corresponding to the equilibrium pressures in the plateau region
in the isotherms and taking into account the deviation from
ideality for hydrogen at high pressures. The ∆H and ∆S values of
the corresponding reactions were determined by the Van´t Hoff
equation from analysis of the ln(f)—1/Т plots.

Results and Discussion

LaNi5—H2 system

The isotherms in the pressure—composition coordi�
nates for the first and tenth hydrogen absorption—des�
orption cycles in the LaNi5—H2 system were plotted us�
ing results of volumetric measurements (Fig. 1). The iso�
therms of the first absorption cycles are characterized by a
steep slope of the plateau, which almost disappears with
the further cycling.

As can be seen from the data in Table 1, the equilib�
rium absorption pressure is by 5—6 times higher than

Fig. 1. Hydrogen absorption (1, 2) and desorption (1´, 2´) iso�
therms in the LaNi5—H2 system at 308 (a) and 328 K (b);
1, 1´, 1st cycle and 2, 2´, 10th cycle.
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the desorption pressure, resulting in a considerable hys�
teresis. The size of the hysteresis loop expressed by the
RT ln(pabs/pdes) ratio decreases sharply on going from the
first to second cycle and achieves a reproducible value
only to the tenth cycle (see Table 1). This change is caused,
first, by a decrease in the absorption pressure, while the
equilibrium desorption pressure remains almost un�
changed during cycling.

An insignificant temperature increase (from 308 to
328 K) noticeably affects the change in the parameters of
the system during activation (cf. data in Fig. 1). Already
in the first cycle the size of the hysteresis loop decreases,
the decrease from the first to second cycle is drastic, while
the further changes, on the contrary, are less pronounced.

The average partial molar enthalpies of the phase tran�
sitions α → β and β → α (with the corresponding plateau
in the absorption and desorption isotherms, respectively)
for the first hydrogenation—dehydrogenation cycles were
obtained by differential heat conducting Tian—Calvet
microcalorimetry (Table 2).

The average partial molar enthalpies found for the
α → β phase transition increase (by the absolute value)
with an increase in the cycle number, which agrees with

the general character of the change in the equilibrium
pressures in the plateau range of the isotherms. In all
cycles, the average partial molar enthalpy of the inverse
reaction β → α remains unchanged within the deviation
from the averaged result. In the case of the first absorp�
tion, a high error of determination of the average en�
thalpy related, probably, to a strong nonequilibrium state
of the process.

The data in Table 2 confirm the temperature effect on
the thermodynamics of the activation process. The tem�
perature increase from 308 to 328 K favors the equi�
libriation of the system, which is manifested as a decrease
in the error of determination of ∆H. In addition, the
parameters of the first cycle become closer to the values
characteristic of the completely activated state.

Curves of heat evolution are very informative for un�
derstanding of the activation mechanism. These plots of
the thermal power vs. time duration obtained during calo�
rimetric experiments are schematically presented in Fig. 2
for different regions of the pressure—composition iso�
therms.

The uptake of the first portion of hydrogen in the
α�region for activated LaNi5 (i.e., after the 10th cycle)
begins immediately, without an induction effect (see
Fig. 2, а, curve 1). The maximum heat release is observed
during the first 10—15 min, and the reaction time (the
time necessary for the experimental curve to return to the
zero line) is 40—60 min.

When the initial hydrogen absorption in the region of
an α�solution by nonactivated LaNi5 occurs, the first hy�
drogen portion is consumed with a remarkable induction

Table 1. Equilibrium pressures and hysteresis factors in the
LaNi5—H2 system

Т/К Cycle pabs* pdes* RT ln(рabs/рdes)

MPa
/kJ (mol–1 H2)

308 1 1.05 0.17 4.7
2 0.38 0.19 1.8
3 0.28 0.19 1.0

10 0.24 0.19 0.6
328 1 2.12 0.45 4.2

2 0.65 0.46 0.9
6 0.60 0.46 0.7

10 0.59 0.46 0.7

* The equilibrium pressure of absorption—desorption is pre�
sented for H/IMC = 3.

Table 2. Thermodynamic parameters of hydrogenation in the
LaNi5—H2 system

Т/К Cycle ∆Habs ∆Hdes

kJ (mol–1 H2)

308 1 –19.0±5.0 34.3±0.8
2 –27.8±1.7 34.2±0.4
3 –33.7±0.9 32.8±1.0

10 –32.6±0.6 32.9±0.6
328 1 –25.0±2.0 30.7±0.6

2 –32.1±0.8 31.2±0.6
6 –32.1±0.8 31.4±0.5

10 –31.7±0.8 31.8±0.6

Fig. 2. Heat evolution curves for the activated (1) and non�
activated (2) IMC: a, region of the solid α�solution; b, region of
the α → β phase transition; and с, solution of hydrogen in
β�hydride.
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period (from 15 to 30 min). As compared to a similar peak
for the activated IMC, the peak intensity decreases, and
the peak becomes more diffuse (see Fig. 2, a, curve 2).
The reaction time is 15—16 h.

In the region of the α → β phase transition for the
activated alloy (see Fig. 2, b, curve 1), the maximum
heat evolution is observed for the first 20—30 min after
the reaction onset. Then the heat evolution gradually
decreases, and equilibration was finally achieved
within 3—4 h.

The pronounced splitting of the maximum in the two�
phase region of the heat release curves of the nonactivated
IMC (see Fig. 2, b, curve 2) was observed for the first time
in the first cycle.

The first maximum corresponds to a higher reaction
rate. During this time (15 min), 20—25% hydrogen is
absorbed, which corresponds to 5% of the overall heat
release. The second maximum corresponds to the absorp�
tion of 75—80% hydrogen and is characterized by a con�
siderable (95%) heat evolution. The smoother curve indi�
cates a lower reaction rate. Equilibration takes approxi�
mately 1 day.

For activated LaNi5, hydrogen dissolution in β�hy�
dride resembles that in the α�region (see Fig. 2, c, curve 1).
The character of the heat evolution curves for hydrogen
dissolution in β�hydride in the first cycle is identical to
the same process for activated LaNi5 (see Fig. 2, c,
curve 2).

Let us consider the mechanism of interaction in the
intermetallide—hydrogen system to interpret the effects
observed above.12,13 This heterogeneous transformation
consists of several consecutive steps: the transport of gas�
eous hydrogen to the solid phase surface, dissociative
chemosorption of hydrogen on the surface, and diffusion
of hydrogen through the bulk solid phase to form a solid
solution. When some limiting hydrogen concentration is
achieved in the solid solution, the formation and nucle�
ation of the hydride phase occur. As compared to the
activated phase, the initial intermetallide phase is charac�
terized by a much smaller specific surface, a higher con�
centration of surface defects, and, as a consequence, a
smaller number of active sites available for chemo�
sorption.3,4 Correspondingly, at the initial step the non�
activated phase exhibits a lower rate of hydrogenation
resulting in the formation of a solid α�solution (see
Fig. 2, a).

In the two�phase α+β�region of the phase diagram,
hydrogen absorption is more complex and includes an
additional step of nuclei formation and growth of a new
phase. The effect of maximum splitting in the heat release
curves has previously7 been observed for the LaNi5—H2
system when ultrasmall weighed samples (0.05 g) and a
DAK�1 high�sensitivity microcalorimeter were used. The
authors7 attributed this effect to the ordering of the hy�
drogen sublattice in the phase formed by the solid

α�solution. In our opinion, the strong maximum splitting
in the case of the nonactivated system can be associated
with a strong inhibition of nucleation of β�hydride caused
by a large size of the solid phase crystallites and a low
concentration of defects in this phase. As a result, an
α�solution can be supersaturated at the initial moment,
and the time shift of the intrinsic phase transition can
occur that proceeds similarly to crystallization from an
supersaturated solution, for instance, similarly to precipi�
tation of salt from water. This interpretation seems valid
because of a difference in the specific (per mole of ab�
sorbed hydrogen) heat release in the regions of the first
and second maxima (see Fig. 2, b).

The heat effect of solid solution formation in the
IMC—hydrogen systems decreases sharply with an in�
crease in the hydrogen concentration, whereas the en�
thalpy of the α → β transition remains virtually unchanged
in the whole two�phase region.7,14,15 Therefore, a rela�
tively high hydrogen absorption in the region of oversatu�
rated solution should be accompanied by an insignifi�
cant heat evolution, which was experimentally observed
(see Fig. 2).

At the end of the α → β phase transition, the specific
expansion of the crystalline lattice achieved the maxi�
mum extent, a highly imperfect and ultradispersed micro�
structure is formed, and the intermetallic matrix becomes
almost completely activated. The mechanism of further
hydrogen dissolution in β�hydride is similar to that ob�
served for the system at the subsequent absorption—de�
sorption cycles.

CeNi5—H2 system

The general character of the behavior of the CeNi5—H2
system is similar to that described for LaNi5. The first
cycle is characterized by a strongly overestimated value of
the pressure of the plateau region of the absorption iso�
therm and a high hysteresis (Fig. 3). A specific feature of
this system is a substantially lower change in the hyster�
esis loop during activation. In the case of LaNi5, the
hysteresis factor decreases from the first to tenth cycle by
7—8 times, whereas for CeNi5 it is only halved, i.e., from
7.7 to 3.3 kJ (mol–1 Н2).

To estimate the thermodynamic parameters of hy�
dride phase formation and decomposition in the non�
activated CeNi5—H2 system, we plotted the hydrogen
absorption and desorption isotherms for the first cycle at
different temperatures (273, 295, 323, and 343 K, Fig. 4).
The temperature plot of the equilibrium fugacities of hy�
drogen corresponding to the middle region of the plateau
is linear in the ln( f )—1/T coordinates and that allowed
us to use the Van´t Hoff equation and calculate the stan�
dard change in enthalpy of the α → β phase transition.
The data for the first and third cycles of hydrogen absorp�
tion—desorption in CeNi5 are presented in Table 3. It has
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previously16 been shown that the results of the third cycle
are completely reproducible on the further multiple cy�
cling. A comparison of the presented results with the data
in Table 2 for LaNi5 indicates a remarkable difference
between the absolute ∆Н values and ∆Н for the hysteresis.
This specific feature is related to a lower thermal stability
of β�hydride of CeNi5 compared to LaNi5 β�hydride, as
known from literature. A more pronounced decrease in
∆Нdes during activation for CeNi5 also should be men�
tioned.

The results obtained in this work can be summarized
as follows.

The first absorption—desorption cycle in the
LaNi5—H2 and CeNi5—H2 systems is characterized by
reproducible values of the absorption capacity, equilib�
rium pressure, and hysteresis.

Analysis of the profiles of the heat release curves made
it possible to observe an unusual effect of maximum split�
ting in the two�phase region at the first cycle of hydroge�
nation—dehydrogenation, which indicates a change in
the reaction mechanism during activation.

The enthalpies of the α → β phase transition for the
first absorption—desorption cycle in the LaNi5—H2 sys�
tem determined by the Tian—Calvet calorimetry and those
calculated from the temperature plot of the equilibrium
pressures of the α → β phase transition for the first ab�
sorption—desorption cycle in the CeNi5—H2 system dif�
fer significantly from the corresponding thermodynamic
functions of the completely activated systems.

At the same time, the general character of changing
the thermodynamic parameters on going from the first
cycle to the activated state is similar for both systems
studied.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 03�03�
32992).
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