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Abstract

Two semi-empirical models have been applied to AB,, hydrogen storage alloys. One is concerned with the relation between formation
enthalpy in hydriding and the atomic parameters of the alloys. The other is an expression for the PCT curves, which can be used for
estimating some physical parameters of these compounds and their hydrides, calculating unknown PC isotherms at given temperatures
and finding the relationship of hysteresis to temperature and hydrogen concentration. [0 1999 Published by Elsevier Science S.A. All

rights reserved.
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1. Introduction

Hydrogen storage alloys are new functional materials for
many applications, including electrode in a MH-Ni bat-
tery, catalyst, heat pump system and so on. The AB, type
hydrogen storage aloys is now actively studied because of
their potentially high hydrogen absorption capacity, fast
hydrogen—desorption reaction and a suitable range of
equilibrium plateau pressure for applications [1]. Although
many properties such as crystal structure, phase com-
position, hydrogen absorption—desorption characteristics
and self-discharge characteristics for AB, type aloys have
been studied in recent years, relatively little work has been
done about the mathematicall models for the most im-
portant relationships of pressure, component and tempera
ture (PCT) and the model of the formation enthalpy of
metal hydride AH [2—4]. In order to predict or calculate
the unknown formation enthalpy of metal hydride AH
and/or the PC isotherms from the measured PCT curve
data of hydrogen storage alloys, two models have been
proposed and successfully applied to TiFe-based and
LaNi.-based hydrogen storage alloys [5—7]. One objective
of this paper is to study if the two mathematical models
can be applied to AB, type hydrogen storage aloys. The
another objective of this paper is to study if the PCT
model can be to find the hysteresis factor (RT In P,/P,)
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which is cumbersome to calculate from PCT data by a
drawing method.

1.1. The model for the formation enthalpy of AB, type
alloy hydrides

Presuming that the free energy change AG corre-
sponding to the formation of an aloy hydride consists of
three energy terms, i.e, chemical energy, elastic strain
energy and electron Fermi energy, which are the functions
of the average Pauling electronegativity difference AX
among the elements included in the aloy, Goldschmidt
atomic size parameter d and the electron concentration
(e/a) of aloy respectively. The formation enthalpy in
hydriding for the aloys can be described as follows [7]:

AH = a, + a,(AX)” + a,d’ + a,(e/a)”’® (1)

Where a,, a,, a,, a, are proportiona coefficients which
are different for different aloy systems. For AB, type
alloysin the present study, they can be found from the data
in Table 1 by a computer. The formation enthalpy in
hydriding for the alloys can be described as:
H=

— R[1.07 X 10°-4.27 X 10*(AX)? + 2.25 X 10°d?

— 2.41 % 10*(e/a)*"? (2)

Where R is the gas coefficient, which is equal to 8.314 J
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Table 1

The initial data of (4X)?, (5)? (e/a)*’® and AH

Materials name (AX)? ©®) (ela)** AH,, AH,, Ref.

(X107%) (X107%) (kJ/mol H,) (kd/mol H,)

Zr,  TiyoNi, ,Cro 3272 14.09 3.659 —30.39 —-30.39 18]
ZrosTioaNi; ,Cros 2.996 12.99 3.683 —27.30 —-28.82 (8]
Zr, o TigsNi, ,Cros 2.905 12.96 3.505 —-30.22 —32.66 (8]
Zro 5 TiosNi, Vo 6 2.846 11.61 3.589 —-30.22 —28.66 [9
Zro 5 TigsNi, ,CrosMn, 2.852 12.91 3597 —-30.81 —-30.01 (8]
Zr o6 Tio15CT 0 15Ni 1 oVo s 2.527 11.00 3.464 -30.31 —31.16 (8]
Zro TiggNi, ,Cro s 2.779 12.12 3.636 —27.25 —-2801 (8]
Zro s Tio5Cro sNig .V, ,CUg 1.765 7.71 3512 —-3043 —26.75 (8]
Zro s TigsNi, 1V, ,Cl,, 2432 9.12 3.648 —26.67 —24.29 (8]
ZrMn, 0.222 9.45 3.302 —39.36 —39.69 [9]
ZrFe, 3.556 12.71 3.542 —29.26 —-29.14 [10]
Zr(Fe, sMny 5), 2.889 11.13 3423 —30.10 —30.94 [13]
Zr45Tig5CrlosNiy oV g 2.07 8.80 3.483 —26.88 —28.29 (8]
TigsZro,MN, MO, , 0.649 4.28 3.277 -293 —29.00 [11]
TigeZro M, ,V,,Cro. 0.206 3.94 3.203 -293 —31.42 [11]
TigsZr0,Clo MN, , 0.293 5.24 3.203 2884 —3355 [12]
TigeZrosNis Vos 2.293 8.86 3471 —-30.85 —27.85 (8]
Tig72Zro4Niy Vg6 2.366 8.85 3.589 -2171 —-25.20 (8]
Zr(Fe, ,Mn,,), 2512 10.809 3.370 -33 -3274 [13]
Zr(Fey 15Vo 25), 3.222 11.200 3.327 -322 -31.81 [14]
Zr(C0,5Crys)» 2.667 12.949 3.257 —40.2 —38.46 [14]
(Zry 6 TiyIMN, 0.16 7.176 3.279 -359 —-36.12 [15]
Zr(Fe, 4Cry.), 3.947 12.623 3.363 —28.20 -31.12 [16]
Zr(Fey 15Crg 25)» 3.222 12.59 3.327 —-296 —-34.41 [17]
Zr(Fe,,Croys), 3.124 12.576 3.291 —31.00 —35.46 [16]
Zr(Fey ¢Cro ), 2.92 12.529 3.22 —36.40 —3751 [16]
Zr(Fey 5sCl o 45)» 2.796 1251 3.184 —37.40 —38.64 [17]
Zr(Fe, sCros), 2.667 12.491 3.148 —39.00 —-39.78 [16]

K ™' mol ~*. The relation coefficient of Eq. (2) is 95%. Fig.
1 is a comparison of the regression and experimental
values of AH. It indicates that the above model applies
quite well to the data range in this paper.

2. The mathematical model for PCT curves
For simplicity, the P—C isotherms at a given tempera-

ture can be separated into three line segments. We suppose
both the first and third segments are controlled by the
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Fig. 1. A comparison of the regression and experimental values of AH
(kd/mol H,).

solubility of hydrogen atom in the aloy and its hydride
respectively, and the second segment is controlled by the
phase transition from a-phase into B-phase, a hydride of
the intermetallic alloy: For the first and third segments, we
assume the hydrogen concentration C,, (expressed in
atomic ratio H/M) is a function of hydrogen pressure P
and absolute temperature T, that is:

C., = AP"2exp[—y X |, X PIRT] exp[—y X AH,/RT]
€)

Where vy is the activity coefficient of hydrogen, V, is the
partial molar volume of hydrogen and AH, is the solution
heat of hydrogen. R is gas coefficient and A is a propor-
tional coefficient.

For the second segment, the relation between the plateau
pressure P and the hydrogen content C a a given
temperature can be written as follows [5]:

INP = — AH/RT + AS/R+ [(f.) 565 — 298K](C — C,,)
+KT(C—-C,) (4)

where AH and AS are the enthalpy and entropy of the
formation of a hydride respectively. The (f,),,s means the
dope factor of the plateau at 298 K and k stands for the
variation rate of slope factor f, with respect to temperature
and C,, isthe value of H/M at the midpoint of the pressure
plateau in the PCT curve.
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Table 2
Physical coefficients for the segments 1 and 3 in PCT curves of Zr
(FeCr,,),

Table 4
The hysteresis factor (RT In P,/P,;:kd/mol H,) of Zr(FecCr,_,), a
different temperature when C equals to Cm

X Segments A v V, AH, T (K) 318 353 370
(1/moal) (kd/mol H,) X
05 1 167x10°° 1.03 -64.72 —23.99 05 0.828 0.276 0.009
3 0.13 0.20 1.23 —25.93 0.55 0.905 0.824 0.785
055 1 445x10™* 151 23.01 —12.16 0.6 1.136 0.902 0.788
3 0.288 014 -082 —20.50 0.75 1.945 1.310 1.001
06 1 447x1077 204 —174 —17.03
3 0.20 007 —-6.97 —49.34
075 1 516x10°° 232 —142 —15.66
3 0.271 0.38 0.45 —5.69

The regression results of the equation coefficients for the
AB, type adloys Zr(FeCr,_,), (x=0.50.55,0.6,0.75)
[16,17] are listed in Tables 2 and 3 according to the Egs.
(3) and (4). It is shown from Table 2 that with increasing
amount of Fe, the activity coefficient of hydrogen vy in the
alloys increases and that increases first and then decreases
in the hydrides. From Table 3, it is clear that the formation
enthalpy of hydrides decrease while the slope factor
increases with increasing the iron amount. The hysteresis
factor (RT In P,/Pg, the subscript a and d stand for
absorption and desorption respectively) can be described
as a function of absolute temperature T and hydrogen
content C (H/M) according to the Eq. (4):

TInP,/P,=B, +B,T +B,T(C — Cm) +B,T*C — Cm)

(5)
where B,=AH,+AH, B;,= —AS§ —AS, B,=
RIL(f)a = (f)al 205 +298(kg — ko), By = (ks — k)R

Based on the Eq. (4), these parameters can be found from
the PCT data for the absorption and desorption, respective-
ly. They are shown in Table 3 for the Zr(Fe,Cr,_,),
(x=0.5, 0.55, 0.6, 0.75) dloys. The hysteresis at a given
temperature and hydrogen concentration in the plateau can
be calculated by inserting the value of these parameters
based on the Eq. (5). For an example, the hysteresis factor
for the Zr(Fe,Cr,_,), (x=0.75) aloy is as follow:

RT InP,/P,=7.72 X 10° — 18.16T + 5.665T(C — Cm)
—0.016 T*(C — Cm) (6)

As aresult, the hysteresis of Zr(Fe,Cr,_,), increases at a
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Fig. 2. A new P—C isotherms (T= 333 K) calculated from the measured
PCT curves of Zr (Fe,,5Crg ).,
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given temperature when C is equal to Cm with increasing
the iron amount (see Table 4).

Fig. 2 is an example of calculating the unknown P-C
isotherms at a given temperatures (T=2333 K is calculated)
from the data of measured PCT curves (T=318 K, 353 K,
370 K) of the alloy Zr(Fe, ,5Cr, ,5), according to Egs. (3)
and (4).

Table 3

Physical coefficients for the second segment in PCT curves Zr (Fe,Cr,_,),"

X H, AH, AS, AS, (f)a (f)a Ka K

0.5 —34.64 40.48 —986 114.36 1.368 0.88 —0.0039 0.0085
0.55 —32.35 33.99 —92.09 94.40 1.447 1.06 0.0035 0.0056
0.6 —30.38 33.64 —94.70 101.38 1.487 114 —0.0085 —0.0019
0.75 —17.89 25.61 —70.72 88.88 1544 143 —0.0033 —0.0014

®Notes: AH: kI mol ™ AS: JK™* mol .
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3. Conclusions

The following conclusions can be made from the above
results that:

1. The relation between formation enthalpy in dehydriding
for AB, type alloys and the atomic parameters can also
be expressed as a semi-empirical model: AH =a, +
a,(AX)? + a,(d)* + a,(e/a)*’>.

2. An unknown P—C isotherm at a given temperature can
be calculated from the data of measured PCT curves
using the mathematical model.

3. Hysteresis can be described as a function of temperature
and the hydrogen concentration by the model.
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