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Calorimetric investigation of interactions in the 

LaNi4.75AIo.25--H 2 and LaNi4.sSno.2--H 2 systems 
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The interaction of hydrogen with intermetalic compounds kaNi4.TsA10.25 and LaNi4.sSn0. - , 
has been studied in the temperature range 308--353 K by the calorimetry titration method. 
The mechanism of hydrogenation was investigated. It was shown that, as the temperature 
increases, the initial concentration of hydrogen in the metal lattice needed for 13-hydride 
formation decreases. It was assumed that this effect is related to the concentration of H z+ 
atoms, which "oxidize" the metallic matrix according to the scheme H 6§ + M ~ ~ H ~- + M § 
The enthalpy and entropy of hydrogenation for the LaNi4.75A10.25--H 2 system were calcu- 
lated from the p-C-T curves and the calorimetry results. The thermodynamic parameters of 
the LaNi4.sSn0.2--H 2 system were obtained for the first time. 

Key words: intermetallic compound, calorimetry, hydrogen absorption, p-C-T diagram, 
enthalpy of reaction, entropy of reaction. 

Since some intermetallic compounds (IMC), in par- 
ticular, LaNi 5, can reversibly absorb hydrogen, they are 
used for the production of anodes for nickel--metal 
hydride accumulators. However, cyclic electrochemical 
absorption of hydrogen is accompanied by partial de- 
struction (degradation) of a metal hydride electrode and 
a substantial decrease in its capacity. Thus the capacity 
of a LaNis-containing anode diminishes by 60% after 
t00 electrochemical charge/discharge cyclesfl This draw- 
back precludes the use of LaNi5-based alloys in devices 
that should withstand tens of thousands of absorption-- 
desorption cycles. 

Partial replacement of nickel by aluminum giving 
LaNis_cAI v alloys (v' < 1.0) increases their stability but 
decreases the capacity with respect to hydrogen, z.3 

In recent years, publications have appeared indicat- 
ing that doping of the LaNi 5 alloy with small amounts of 
tin diminishes the degradation of the LaNi4.sSn0.2H x 
phase during the repeating absorption--desorption cycles 

without substantial decrease in the capacity. 4,5 Never- 
theless, the influence of doping with small amounts of 
tin and aluminum on the thermodynamic characteristics 
of LaNi5_yRy alloys (R = AI or Sn) and on the mecha- 
nism of interaction of these compounds with hydrogen 
has not been described in the literature. 

In this work, we study the influence of small amounts of 
added tin and aluminum on the interaction of LaNis_vRy 
alloys (R = AI, Sn, y = 0.2; 0.25) with hydrogen at 
308--353 K, construct phase diagrams for the corre- 
sponding IMC--hydrogen systems, and determine the 
main therin0dynamiccharactetistii:s t)f t /ydr0genati6nof 
the compounds under study. 

Experimental 

The starting compounds were prepared by fusing together a 
batch of high-purity metals (La 99.8%, Ni 99.96%, AI 99.8%, 
Sn 99.8%) in an arc-melting furnace with a nonconsumable 
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electrode in an atmosi~here of purified argon. The monophase 
composition of the resulting samples was confirmed by powder 
X-ray diffraction analysis and the correspondence to the for- 
mula presented above was confirmed by the atomic absorption 
and inductively coupled plasma methods. 

Hydrogen absorption and desorption were studied by Tian-- 
Calvet differential heat-conductive calorimetry. The experi- 
mental setup consisted of a DAK-I-IA calorimeter and a 
system for controlled introduction of hydrogen. 6 Hydrogena- 
tion of LaNi4.7sAlo.25 and LaNi4.sSno. 2 was studied using a 
procedure of calorimetric titration with hydrogen developed in 
our laboratory and described in detail in previous publica- 
tions. 7-9 

The quantity of absorbed hydrogen was determined from 
the pressure change in the system and calculated by the 
modified van der Waals equation. Hydrogen pressures below 
0.1 MPa were measured by a VO standard pressure indicator 
(class of accuracy 0.4), and pressures ranging from 0.1 to 
2.5 MPa were measured using an MO-25 standard manometer 
(class of accuracy 0.4). Hydrogen with a content of impurities 
not exceeding 10-5% (v/v) was employed to study hydrogena- 
tion. A standard portable AMGV-06 device (joint-stock 
"Disperkhim" company) was used as the source of extra pure 
hydrogen. Prior to the work, the samples were subjected to ten 
absorption--desorption cycles at 308 K in order to obtain a 
homogeneous powder with a particle size of 3--5 p.m, Then 
hydrogenation at 308, 32S, and 353 K with gradual tempera- 
ture increase was carried out and phase diagrams were con- 
structed. The temperature in the thermostat was maintained 
constant with an accuracy of _.+0.2 K. 

R e s u l t s  and D i s c u s s i o n  

Figure 1 shows the p-C-T diagrams obtained at 
various temperatures for the LaNi~.gSno.2--H 2 and 
LaNi4.75AIo.25--H2 systems. It can be seen that at 308 
K, the intermetallic compounds studied exhibit a high 
absorption capacity with respect to hydrogen (more than 
5 H atoms per mole of IMC) at a low (0.9--1.1 atm) 
equilibrium pressure in the region of equilibrium be- 
tween the ct- and 13-phases (Table I). As the temperature 
is raised, the capacity slightly decreases and the equilib- 
rium pressure of hydrogen in the region of two-phase 
equilibrium increases; the boundary between the ct-solid 
solution and the assumed equilibrium region between 
the c~- and 13-phases develops more clearly on the ab- 
sorption isotherm (see Fig. 1). The plateaus in the phase 
diagrams of the compounds studied at low temperatures 
show slight slopes. At higher temperatures, the slope of 
the plateau gradually increases (see Fig. I). 

it should also be noted that the presence 0f A1 in a 
metallic matrix decreases the equilibrium pressure in the 
LaNis--H 2 system to a greater extent than the same 
amount of Sn. As the temperature increases, the dis- 
crepancy between the Pequil values becomes more pro- 
nounced (see Fig. 1). 

The hysteresis of the absorption--desorption pres- 
sures in the plateau region, which is observed for the 
majority of compounds of the LaNi 5 type, in the 
LaNi4.gSno.2--H 2 system, becomes visible at tempera- 
tures above 308 K (Fig. 2, Table I). The absence of 

hysteresis at low temperatures for the compounds 
LaNis_ySn e is due to the fact that the vo[ume expansion 
of the metallic matrix upon hydrogenation is smaller 
than that in the case of LaNis.4,5.t~ 

The boundary between the c~-solid solution and the 
region of the invariant equilibrium between the ct- and 
13-phases in the p-C-T phase diagrams of the compounds 
~udied in the 308--353 K temperature range is not suffi- 
ciently clear-cut (see Fig. I). This border can be distin- 
guished by taking the double logarithm of the Avmami-- 
Erofeev equation; this method has been described in detail 
in previous publications. 7,8 Using this method, the concen- 
tration of hydrogen in the solid phase can be determined 
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Fig. 1. Isotherms of hydrogen absorption in the LaNi4.gSn0.2--H 2 
(a) and LaNi4.75AI0.25--H2 (b) systems at 308 1). 328 (2), and 
353 K (3). 

Table 1. Effect of.temperature on the equilibrium pressure and 
the content of hydrogen during absorption in the LaNia.75AI0.25-- 
H 2 and LaNi4.sSn0.2--H 2 systems 

T/K LaNi4.sSn0. 2 LaNi~t.75A10.25 

H/IMC Pabs/PcJes Peq/arm H/IMC peq/atm 

308 5.2 I. 1 1.4 5. I 1.2 
328 4.9 1.2 2,7 4.7 2.0 
353 4.6 1.5 7.7 4.5 4.9 
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Fig. 2. Absorption--desorption curves in the LaNi4.sSno,2-H 2 
system at 308 ( / a n d  I') and 353 K (2 and 2')�9 
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Fig. 3. Logarithmic dependence of the degree of hydrogena- 
tion of LaNi4.sSn0. 2 on the time of equilibration (T = 353 K). 

with high reliability. At this concentration, the diffusion 
mechanism of  hydrogenation, typical of the a-solid solution 
region, is replaced by a mechanism of "chemical reaction 
of nucleation and growth of the nuclei of a nascent phase," 
which describes the interaction of hydrogen with IMC in 
the region of  two-phase equilibrium. 

In the plot that shows the degree of hydrogenation of 
LaNi4.sSn0. 2 vs the time of  equilibration, two straight 
sections can be clearly seen (Fig. 3). The calculated 
tangents n o f  the slope of each straight section on the 
kinetic curve confirm the assumption that the inflection 
point is matched by replacement of  the rate-determining 
step of  hydrogenat ion (Table 2). It is known that for 
0.5 < n < 2.5, the reaction rate is governed mainly by the 
diffusion of  hydrogen inside the solid bulk, whereas for 
n > 2.5, the nucleation and the growth of nuclei of  the 
13-hydride becomes the rate-determining step of  the 
process.ll,12 As the temperature increases, the inflection 
point on the t ime dependence of  the degree of hydroge- 
nation shifts to lower concentrations of hydrogen in the 
solid phase (see Table 2). For instance, at 308 K, the 
diffusion step in the LaNi4.75AI0.25--H2 system contin-  
ues up to 3.1 H atom per mole of  IMC, which corre- 
sponds to the plateau region in the phase diagram, while 
at 353 K, the content  of hydrogen in the solid phase is 
only 0.6 H a tom per mole of  IMC (see Fig.i I)~ Similar 
results were obtained for the LaNi4.sSn0.2--H~ system 
(see Table 2 L T h  e effect of  temperature on the mecha- 
nism found here is apparently due to the tact that at 
higher temperatures the "oxidation" of  the metallic ma- 
trix by hydrogen proceeds at lower concentrations of  the 
"oxidant": the H ~+ atoms, 13 and, theretbre, the forma- 
tion of the 13-hydride starts at a lower degree of  hydroge- 
nation of  the intermetallic compound.  

The van't Hof f ' s  equation 

RTlnp = A H -  TAS (1) 

was used to calculate the enthalpies (AH) and entropies 

(AS) of  hydrogenation of  the intermetallic compounds 
LaNi.t75Alo.25 and LaNi4.sSno. 2 in the 308--353 K tem- 
perature range. The calculation was carried out by a 
statistical method of  regression analysis using a linear 
approximation of  Eq. (I)  in Inp = i l l~T)  coordinates. 
The pressure corresponding to the composition in the 
center of  the assumed plateau region in the p - C - T  
diagram and given in Table I was taken to be the 
equilibrium pressure. 

The calculated A/-/and AS values for hydrogenation 
in the 308--353 K temperature range are presented in 
Table 3. The data obtained in the study of  LaNi4.7-yA,10.25 

Table  2. Slope tangents (n I, n 2) for the straight sections of 
kinetic curves and the hydrogen contents at the inflection 
points for LaNi4.75AI0.25--H 2 and LaNi4,8Sn0.2--H2 

T/K LaNi4.75AIo.zs--H2 LaNi4.sSno.2--H2 
H/IMC nz n 2 H/IMC n~ n 2 

308 3. i 1.4+_0.2 4.5+0.4 2.6 1.3-1-0.2 3.1+0.5 
328 1.4 0.94-0.23.4+_0.4 1.2 1.0_.+0.23.2+_0.3 
353 0.5 0.7_+0.22.9+_0.1 0.4 1.4_+0.33.1+0.4 

Table 3. Thermodynamic characteristics of the LaNi4.75AIo.~-- H2 
and LaNi 48Sno2--H2 systems 

T/K La Ni4,75Alo.2_s-- H 2 LaNi4.sSno.2--H2 

A,~d~r "%Jr AHeif aS~,f 
308 -33.7+_2.6 -110.9+_5.5 -33.5__+2.4 -111.7+5.7 
328 -35.9+2.2 -115.2+_5.7 -33.4+2.5 -110.0+_5.5 
353 -36.5_+1.9 -116,6-t"5.4 -33.5+2.4 -111.8~5.9 

(-31.4+2.6) (-102.94-4.8) (-35.2+2.4) (-115.4+5.4) 

;Vote. The enthalpies and entropies calculated from p-C-T 
diagrams are given in parentheses. The A/r'/dif values are ex- 
pressed in kJ (mol of H2)-l; ASdi f is in J (tool of H 2 K) -l .  
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Fig. 4. Differential enthalpy of hydrogenation of LaNi4.aSn0, 
vs the amount of hydrogen absorbed (T=  353 K). 

are well correlated with the AH and AS values presented 
in previous publications la-16 for compounds of the 
LaNi5_~Aly type. 

The enthalpies and entropies of hydrogenation found 
from the p - C - T  diagrams depend on the ratio of H 
atoms to IMC moles that is normally matched by the 
equilibrium pressure in the center of the "apparent" 
plateau region. Therefore, in this study, we calculated 
the thermochemical characteristics for the hydrogena- 
tion of the compounds in question using the data of a 
calorimetric experiment, whose results seem to be more 
reliable and objective. 

The curve for the dependence of the differential 
enthalpy (AHdir) on the amount of hydrogen absorbed 
has a shape typical of hydrides derived from compounds 
of the CaCu 5 structural type (Fig. 4). it follows from this 
dependence that in the region of invariant (~x + 13) 
equilibrium, Andi f is constant to within the experimental 
error and does not depend on the degree of hydrogena- 
tion of the IMC (see Fig. 4t. The resulting values for the 
differential enthalpy in the region of coexistence of two 
phases were used to calculate the differential entropies 
(,ASdif) of hydrogenation from Eq. (I) (see Table 3). It 
should be noted that the thermodynamic characteristics 
of the hydrogenation process found from direct calori- 

metric measurements and those calculated from the 
p - C - T  diagrams differ by 3--5%, which is within the 
error of the methods used. 

The low equilibrium pressure of hydrogen in the 
plateau region, the relatively horizontal position of the 
two-phase region, and the relatively high absorption 
capacity (more than 5 H atoms per mole of IMC) make 
the compounds under study interesting as regards their 
potential use in nickel--metal hydride cells. 
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