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Lag.78Mgo.22Ni348C0022Cug 12 alloy is one kind of nonstoichiometric ABss type hydrogen storage alloy
with low cost and high capacity. In this paper, the effect of annealing treatment on the structure and
hydrogen absorption-desorption characteristics of the alloy is discussed. The annealing temperature is
determined by using thermogravimetry-differential scanning calorimetry (TG-DSC) tests. The structure
of as-cast and annealed alloys is examined by X-ray diffraction (XRD) and scanning electron microscopy
(SEM). XRD results show that the crystal cell volume decreases after annealing treatment. SEM tests
reveal that the structure of the annealed alloys is more regular than that of the as-cast alloy. Influences
of annealing treatment on maximum and reversible hydrogen storage capacity, hysteresis factor (Hy)
between hydrogen absorption and desorption, sloping factor (S¢), enthalpy changes (AH) and entropy
changes (AS) of hydrogen absorption are discussed in detail.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Metal hydride is one of the most promising methods for hydro-
gen storage. Until now, many kinds of hydrogen storage alloys
have been studied [1-6]. In order to improve the performance of
hydrogen storage alloys, surface decoration, alkaline treatment,
annealing treatment and other methods were developed [7,2,8].
In all of the developed methods, annealing treatment is one of the
most widely employed. There are different opinions on the effect
of annealing treatment on hydrogen storage alloys.

Zhu et al. studied the effect of annealing treatment on the
cycling stability of hydrogen storage alloys [9,10]. Results showed
that the discharge capacity, high rate discharge ability and cycle
life of the alloys were improved by annealing treatment. The
composition of the annealed alloy was more homogeneous than
that of the as-cast alloy. The study of annealing treatment on
Mg thin film drew similar conclusions. The structure of the
annealed alloy was greatly influenced by annealing tempera-
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ture [11]. The favorable morphology and structure induced by
the annealing treatment improved hydriding kinetics of alloys.
Pan and his coworkers also found that the discharge capacity
and cycle life of Lag7Mgg3Niy 45C0075Mng 1Alg> hydrogen stor-
age alloy were improved by annealing treatment owing to the
homogenization of composition [12]. The study of Talaganis on
ABs alloys also drew similar conclusions that hydrogen absorp-
tion properties could be improved by annealing treatment [13,14].
Hydrogen absorption and desorption characteristics of alloys were
determined by the phase compositions, which were greatly influ-
enced by annealing treatment. Li and his coworkers studied the
effect of annealing on structural and electrochemical properties
of (LaPrNdZr)gg3Mgg.17(NiCoAlMn); 3 alloy. Results showed that
the maximum electrochemical discharge capacity changed with
annealing temperature [15].

LaMgNiCoCu based alloys showed good hydrogen absorp-
tion and desorption characteristics [16]. In this paper, the
effect of annealing treatment on the structure and hydrogen
absorption-desorption characteristics of nonstoichiometric AB3 5
type Lag.78 Mg .22 Ni3 48C0022Cug 12 alloy are examined in detail.

2. Experimental

The purity of La, Ni, Co and Cu was all over 99.9 wt.%. Mg was
used in the form of Mg-Ni binary alloys. The binary alloy was
composed of Mg 40 wt.% and Ni 60 wt.%. Lag 7Mgg 3Ni3 2C0g 22 Cug 12
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Fig. 1. TG-DSC testing results of as-cast Lag 78 Mgo 22 Ni3 45 C0p22Cug 12 alloy.

alloy was prepared by induction melting in a water-cooled cop-
per crucible under the protection of argon atmosphere. Ingot
was remelted three times to ensure the homogeneity of the
alloy. Then the ingot was divided into two parts. One part was
adopted in the as-cast state. Another part was prepared for
annealing treatment. The annealing temperature was determined
by thermo-gravimetry (TG) and differential scanning calorime-
try (DSC) technology coupling thermal analyses using NETSCH
STA 449C. 48.3400 £ 0.0001 mg as-cast alloys were employed in
TG-DSC tests. The tests were conducted from 300K to 1373 K with
the heating rate of 20 Kmin~!. High purity gas Ar was used as the
carrier gas with the rate of 20 mlmin~'. The results are shown in
Fig. 1.

Fig. 1 clearly shows that no mass losses could be detected by TG
testing results. The insert diagram revealed that a peak appeared
at 1321.41 K, which should be in corresponding with the structure
changes of the alloy. So the annealing temperature was ascertained
at 1325 K. To ensure the structure changes could be fully conducted,
the ingot was kept 6h at 1325K under the protection of argon
atmosphere.

Then both as-cast and annealed alloys were fully crushed and
the powders were sieved through 200 meshes for X-ray powder
diffraction (XRD) tests, separately. XRD tests were conducted by
using an X'Pert-MPD instrument (graphite filtered Cu K,, radiation).
The scanning speed was 5 degree per minute in a step of 0.02 degree
from 10 degree to 95 degree.

SEM tests were conducted by using a Quanta 3D FEG scan-
ning electron microscope (FEI Company) with charges of 15 kV and
10 pA.
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Fig. 3. XRD patterns of as-cast and annealed Lag 73 Mg 22 Ni3 48 C00.22Cug 12 alloy.

Pressure composition isotherm (PCT) tests were conducted by
using a gas reaction controller, which is a product of Advanced
Materials Corporation, USA. Three grams of each sample were put
into the instrument and fully activated. Then PCT tests were per-
formed at different temperatures. Hydrogen gas with purity over
99.9999% was supplied from a cylinder.

3. Results and discussion
3.1. SEM tests

SEM results of  both as-cast and annealed
Lag.78Mgo 22 Ni3.48C00.22CU0.]2 alloys are shown in Fig. 2. It is
clearly seen that the structure of the annealed alloy is more regular
than that of as-cast alloy. Similar conclusions were also drawn in
the study of annealing effect on hydrogen storage of Mg thin film
[11]. The structure of the alloy was homogenized by the annealing
treatment.

3.2. XRD results

XRD patterns of  the as-cast and annealed
Lag78Mgp22Ni348C0022Cug 12 alloys are displayed in Fig. 3.
From the XRD patterns, it was confirmed that single LagggNis g3
phase (hexagonal structure, space group P6/mmm, JCPDS No.
65-3849) existed in both the as-cast alloy and the annealed
alloy. Corresponding XRD diffraction peaks of annealed alloy
were sharper than that of as-cast alloy, which illustrated that the

Fig. 2. SEM testing results of as-cast and annealed Lag75Mgo 22 Nis3 48 C0g22CUg 12 alloys.
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Table 1 Table 2
Crystal cell parameters a, ¢ and V of as-cast and annealed Cmax Crev and P of as-cast and annealed Lag 75Mgp 22 Ni3 48 C09 22 Cug 12 alloys at differ-
Lag78Mg0.22Ni3.48C00.22Cug 12 alloy. ent temperatures.
a(A) c(A) V(A3) T(K) As-castalloy Annealed alloy
As-cast 5.028 3.990 87.354 Cinax (WE%)  Crey (WE%)  P(atm)  Cmax (WE%)  Crev (Wt%) P (atm)
Annealed 4.997 3.987 86.215
273 1.69 1.50 0.571 1.62 1.53 0.864
303 1.79 1.52 1316 1.61 1.54 2.584
333 1.58 143 5983 1.61 1.50 6.87
structure of annealed alloy was more homogeneous than that of 353 152 138 1056 155 144 11745

as-cast alloy. The phase composition and corresponding crystal
cell parameters were calculated using the software of Jade 5.0. The
obtained results are shown in Table 1.

It could be seen from Table 1 that the crystal cell param-
eters of the annealed alloy were smaller than those of the
as-cast alloy. In the research of (LaPrNdZr) g3 Mgg 17(NiCoAlMn)3 3
alloy, it was also found that the crystal cell volume decreased
after annealing treatment [15]. But researches on BCC solid
solution (Tio_gzro_z)(V0.533M1'10.]07C1‘0.]6 Ni0_2)4 alloy drew differ-
ent conclusions that the crystal cell parameters increased upon
annealing treatment [17]. The structure changes of alloys during
annealing treatment were influenced by both annealing temper-
ature and alloy compositional elements. The enlargement should
be caused by the substitution of Zr for Ti. The radius of Zr
atom is bigger than that of Ti atom. The phase composition of
Lao.7gMg0.22Ni3.4gC00_22CL10_12 alloy is Lao.ggNis.(B phase. The low
stoichiometric alloy resulted in the existence of lattice strain and
crystal defects in the as-cast alloy. So the decrease of crystal cell
parameters may be caused by the annihilation of lattice strain
and crystal defects during annealing treatment. In the research of
annealing effect on LmNis g5Alg 34Mng 27C0g 74 alloy, the changes of
crystal cell parameters were attributed to the annihilation of lattice
strain and crystal defects during annealing process [18].

3.3. PCT measurements

PCT measurements of the as-cast and annealed alloys are shown
in Fig. 4. Based on these tests, the maximum hydrogen storage
capacity (Cmax) and the hydrogen absorbing plateau pressure (P)
at different temperatures could be obtained. Reversible hydrogen
storage capacity (Crey), Which is defined as the differences of the
maximum hydrogen storage capacity and the residue capacity at
the end of hydrogen desorption, were calculated. The results are
shown in Table 2.

Table 2 clearly revealed that, for each alloy, the Cpax and Crey
decreased with the increasing temperature. Similar phenomena
were also observed in the research of ABs5 type alloys [14].

It could also be seen from Table 2 that the Crey of the annealed
alloy was higher than that of the as-cast alloy at the same tem-
perature. Annealing treatment improved the reversible hydrogen
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storage capacity of the alloy. In the study of the annealing effects
on LmNijg5Alg34Mng27Cog74 alloy, it had also been found that
the maximum hydrogen storage capacity slightly increased after
annealing treatment [18]. This should be attributed to the anneal-
ing treatment, which homogenized the structure. The Cpax of the
as-cast alloy was higher than that of the annealed alloy at 273 Kand
303 K, but lower than that of annealed alloy at 333 Kand 353 K. This
maybe caused by the changes of crystal cell volume. As discussed
in Section 3.2, the crystal cell volume of the as-cast alloy was bigger
than that of the annealed alloy. So the Cyax of the as-cast alloy was
higher than that of the annealed alloy.

It could also be seen from Table 2 that the hydrogen absorb-
ing plateau pressure of the annealed alloy was higher than that of
the as-cast alloy. This should be caused by the decrease of crys-
tal cell volume. Hydrogen absorbing pressure was elevated by
the decreased crystal cell volume. Similar phenomenon was also
observed in the research of La;_xTixMgNig alloys [19]. The expan-
sion of cell volume leads to a decrease of plateau pressure. On the
other hand, the hysteresis also has influences on hydrogen absorp-
tion and desorption. The influences will be discussed later.

3.4. Enthalpy changes and entropy changes of hydrogen
absorption

The heat formation during the course of hydrogen absorption
could be evaluated according to PCT tests at different temperatures.
The enthalpy changes (AH) and entropy changes (AS) of hydro-
gen absorption were calculated according to Van't-Hoff equation
InP=—(AH/RT) +(AS/R) [20]. AH and AS of hydrogen absorption
could be obtained by the slope and intercept of fitting line. The
fitting line for AH and AS of hydrogen absorption of the as-cast
and annealed Lag 78 Mg 22 Ni3 48C0g.22Cug 1 alloys are illustrated in
Fig. 5. The calculated AH and AS are displayed in Table 3. Table 3
clearly shows that the enthalpy changes and entropy changes of
hydrogen absorption of the annealed alloy were lower than that of
as-cast alloy. This should be attributed to the homogenized struc-

annealed alloy o5
10 ¢ oo—o—o_.—o—o-o_—o—o—Oro-""“"‘ro
ahA—AA-A-A—AA ‘.;A_A-AAA%- X
o-0
rr ey :...a;ws"" A
.04- ‘_‘,_ "’-’ .f
£ . sossa [
5 %L- A a—errs':-----— Sl
-~ .l _Il--l'l"/
e — —e—27K
Ry 01F —e—303K
—4—333K
—o—1353K
0.01 . .
0.0 0.4 .8 1.2 1.6
H/'M /wt%

Fig. 4. PCT testing results of as-cast and annealed Lag7gMgo .22 Ni3.458C00.22Cug 12 alloys.
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Fig. 5. Fitting line for AH and AS of hydrogen absorption.
Table 3
AH and AS of hydrogen absorption of as-cast and annealed alloys.
Alloy AH (k] mol-1) AH(Jmol 1K)
As-cast 29.5 103.3
Annealed 26.2 94.7

ture. Annealing treatment decreased the enthalpy changes and
entropy changes of hydrogen absorption.

3.5. Influences of annealing on Hy

Reversibility between hydrogen absorption and desorption is
an important performances for the practical application of hydro-
gen storage alloys. Hydrogen storage alloy with high performance
should possess a good reversibility. Hysteresis factor (H¢), which
is defined as Hf=In(P,ps/Pqes ), is usually employed to evaluate the
reversibility between hydrogen absorption and desorption [21].
P,ps and Pges are hydrogen pressure corresponding to hydrogen
absorption and desorption, respectively, at certain hydrogen stor-
age capacity. In this paper, P,ys and Pges corresponding to the
capacity of H/M =0.9 were adopted. The calculated Hs of both as-
cast and annealed alloys at different temperatures are presented in
Fig. 6.

It is clearly observed from Fig. 6 that Hy of as-cast and annealed
alloys decreased with increasing temperature. In the study of
annealing effect on hydrogen absorption and desorption perfor-
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Fig. 6. H; of as-cast and annealed alloys at different temperatures.
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Fig. 7. S¢ of as-cast and annealed alloys at different temperatures.

mances of milled AB5 type alloys, it was also found that Hf decreased
with the increase of testing temperature [14]. Hydrogen desorption
is an endothermal process. On the other hand, the increasing tem-
perature also promoted the activity of hydrogen storage alloys. So
the reversibility between hydrogen absorption and desorption was
improved by the increasing temperature and eventually resulted in
the decrease of Hy.

It could also be seen from Fig. 6 that H; of the annealed alloy
was higher than that of as-cast alloy at the same temperature. As
discussed in Section 3.3, the plateau pressure of hydrogen absorp-
tion of annealed alloy was higher than that of as-cast alloy. On
the other hand, it could also be seen from Fig. 4 that the plateau
pressure of hydrogen desorption of the annealed alloy was lower
than that of the as-cast alloy. So Hy between hydrogen absorption
and desorption of annealed alloy was higher than that of as-cast
alloy. This should be caused by the decrease of crystal cell volume.
The deceased crystal cell volume elevated the pressure of hydrogen
absorption and decreased that of hydrogen desorption. Annealing
treatment resulted in the increase of Hf between hydrogen absorp-
tion and desorption.

3.6. Influences of annealing on S¢

Sloping factor (Sf) was employed to elucidate the plateau
performance of hydrogen absorption. S¢ is defined as Sf = (P; —
P;)/((H/M); — (H/M),), where P; and P, were the pressure of
hydrogen corresponding to the hydrogen storage capacity of (H/M),
and (H/M),, respectively [22]. In this paper, the pressure of hydro-
gen absorption corresponding to H/M=0.4 and H/M=1.0 were
adopted. S¢ of hydrogen absorption of both as-cast and annealed
alloys at different temperatures is illustrated in Fig. 7.

It could be seen from Fig. 7 that S¢ of hydrogen absorption of
both as-cast and annealed alloys was enhanced with the increase
of testing temperature, which meant that the plateau performance
of hydrogen absorption was weakened. This was in consistent with
PCT testing results that the plateau length of hydrogen absorption
shortened with increasing temperature.

Fig. 7 also revealed that S; of hydrogen absorption of the
annealed alloy was lower than that of the as-cast alloy at
the same testing temperature, which meant that annealing
treatment improved the hydrogen absorbing plateau perfor-
mance. Researches on (LaPrNdZr)gg3Mgp.17(NiCoAlMn)sz 3 alloy
also showed that the annealing treatment decreased S¢ of hydro-
gen absorption [15]. This should be ascribed to the homogeneous
hexagonal structure [18]. S¢ of the annealed Lag g7Mgg.33Niy 5C005
alloy was also lower than that of the as-cast alloy [23]. Hf and S
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of hydrogen absorption and desorption were greatly influenced by
annealing treatment [24]. The homogeneous composition and per-
fected structure improved the plateau performance of hydrogen
absorption.

4. Conclusions

This paper mainly discussed the influences of annealing
treatment on the structure and hydrogen absorption-desorption
characteristics of Lag 75Mgg 22 Ni3 48C0g.22Cug 12 alloy. Based on the
tests and discussions, conclusions could be drawn as follow:

(1) The crystal cell volume of the alloy decreased after annealing
treatment.

(2) The plateau performance of hydrogen absorption and desorp-
tion was improved by annealing treatment.

(3) Enthalpy changes and entropy changes of hydrogen absorption
of the annealed alloy were lower than that of as-cast alloy.

(4) The reversible hydrogen storage capacity of annealed alloy was
higher than that of as-cast alloy at the same temperature.
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