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PREFACE

Hydrogen is the most clean renewable energy with advantage of an inexhaustible
supply. Oil-based modern energy system has pushed the world into the grip of severe
energy crisis. Therefore, the research of non-carbon fuels is of great scientific value and
social benefits. And humankind is looking forward to the exploitation and utilization of
environment-friendly green energy. As one of the most important energy resources, hy-
drogen has attracted sufficient attention from different nations. The economical prepa-
ration, storage and transportation of hydrogen are the key subjects of hydrogen energy
exploitation.

Because of their excellent ability of absorbing and desorbing hydrogen, hydrogen
storage alloys now serve as impo-rtant carriers in the storage and transportation of hy-
drogen. Moreover, as hydrogen and hydrogen storage alloys are both friendly to the en-
vironment, the international community is attaching great importance to them.

Metal hydride, carbon fiber, carbon nanotubes and certain kinds of organic liquids
are good hydrogen storage materials. Especially, metal hydride is not only high quality
hydrogen storage material, but also a new kind of functional material with broad appli-
cation prospects, which can be applied in the transformation and storage of electric pow-
er, mechanical energy, heat energy and chemical energy. Therefore, metal hydride
technology, including the research of materials and their applications, has enjoyed con-
siderable worldwide attention and rapid development. China also attaches great impor-
tance to the research and development of hydrogen storage materials. In the “863”
High-tech Development Plan, “973” Plan and the National Natural Science Foundation,
hydrogen storage material is listed as a one of the key research areas. In recent years,
the Division of Functional Materials of Central Iron & Steel Research Institute has car-
ried out in-depth research in various hydrogen storage materials and achieved significant
results, with the support of many foundations including national “863” Plan and the
National Natural Science Foundation. The publication of the collected works is aimed at
the acceleration of the research and industrialization of hydrogen storage materials in
China to overtake the world’s advanced level and the promotion of academic exchanges
between experts in the area. |

The application of rapid quenching technique in the preparation process of hydrogen
storage alloys is a unique feature of the research of Central Iron &. Steel Research Insti-
tute. The collected works provide readers with a comprehensive presentation of the ap-

plication of vacuum rapid quenching process in rare earth based ABs-type, Laves phase




AB;-type, high-capacity La-Mg-Ni system AB;-type hydrogen-storage alloys, and
a comprehensive summary of microstructure and electrochemical properties of the rapid
quenched hydrogen storage alloys. It is presented in hope of spurring more thorough re-
search in the area.

It contains carefully chosen papers related to hydrogen storage alloys published in
international journals since 2004, and all of the papers in this book were indexed by
SCI. The editors tried their best to arrange the works in such a way that the readers can
get a more comprehensive understanding of the application of vacuum rapid quenching

technology in the preparation of hydrogen storage materials. However, in view of the
rapid development and tremendous volume of scientific results of hydrogen storage ma-
terials, the book can be said to be a drop in the ocean and is far from complete. It is lia-
ble to mistakes or omissions, especially grammatical errors, so suggestions for improve-
ment will be gratefully received. Any feedback offered, positive or negative, is wel-

comed with our sincere appreciation.

Editors
June, 2007
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Microstructure and Electrochemical Characteristics of
Mm(Ni,Co,Mn,Al)sB,(x=0~0. 4) Hydrogen Storage
Alloys Prepared by Cast and Rapid Quenching

Zhang Yanghuan''?,Chen Meiyan®, Wang Xinlin',
Wang Guoqing? , Dong Xiaoping?,Qi Yan'

(1. Department of Functional Material Research, Central Iron and Steel Research Institute, Beijing,China;
2. Department of Material Science and Engineering, Baotou Iron and Steel University of Technology, Baotou,China)
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ABSTRACT: Low Co AB;-type MmN sCop, 4Mno sAlo 2B, (x= 0, 0.1, 0.2, 0.3, 0.4) hydrogen storage alloys were
prepared by cast and rapid quenching. The microstructures and electrochemical performances of the as-cast and
quenched alloys were analysed and measured. The effects of boron additive and rapid quenching technique on the
microstructures and electrochemical properties of as-cast and quenched alloys were investigated comprehensively. The
experimental results showed that the microstructure of as-cast MmNz s Cop s Mg s Al 2 B.(x = 0, 0.1, 0. 2, 0. 3, 0. 4)
alloys was composed of CaCus-type main phase and a small amount of CeCo; B-type secondary phase. The abundance
of the secondary phase increases with the increase of boron context . The rapid quenching techniques were used in the
preparation of the alloys. The amount of secondary phase in the alloys decreased with the increase of quenching rate.
Rapid quenching made lattice constants increase slightly. The effects of rapid quenching on the electrochemical
performances of the alloys are very significant. The discharge capacity of the alloys decreased obviously and the cycle
stability increased dramatically with the increase of quenching rate. Rapid quenching made the activation capability of
the alloys lowered. However, the activate performance and high rate discharge capability as well as discharge voltage
characteristic of the alloys were modified obviously with the increase of boron content z.

KEYWORIE hydrogen storage alloy; boron additive; rapid quenching; microstructure; electrochemical characteristic
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1 INTRODUCTION

ABs-type (Original LaNis ) hydrogen storage alloy is
being used widely because it can reversibly absorb and release
hydrogen at room temperature and can be easily activated as
well as produce high reaction rate of absorbing and releasing
hydrogen. Although ABs-type hydrogen storage alloy has
been industrialized in large-scale in some countries, especially
in America, Japan and China, the investigation on the AB;-
type hydrogen storage alloy has been carrying out in order to
improve the electrochemical characteristics and reduce the
production cost of the alloy"'?), The majority of the papers
published by International Symposium on Mental Hydrogen
System-Fundamental and Application, Annecy, France,
September 2002 still concentrated on the investigation of
ABs-type hydrogen storage alloy.

The decrease of Co content in alloy is very beneficial to
reduce the production cost of the alloy, whereas the function
of Co on the cycle life of the ABs-type hydrogen storage alloy
is extremely important’®], Therefore, the investigation focus
on AB;-type hydrogen storage alloy is how to enhance the
cycle stability of low-Co electrode alloy.

It is very difficult to enhance the cycle stability of low-
Co ABs-type hydrogen storage alloy by traditional cast tech-
[4] reported that the low-Co ABs-type
hydrogen storage alloy with special microstructure, which is

nique, Literature
nanocrystal and amorphous
phase, could be prepared by composition adjusting and rapid
quenching. The alloy thus prepared has excellent activation

composed of microcrystal,

performance and cycle stability. In order to modify the cycle
life of low-Co ABs-type hydrogen storage alloy, a trace of
boron was added and rapid quenching techniques were used in
the preparation of the alloys. The obtained results indicated
that boron additive could enhance the cycle life of as-cast
AB;s-type hydrogen storage alloy, and rapid quenching
treatment made the function of boron on the cycle life more
significant,

The paper mainly discussed the microcosmic mechanism
of the influences of boron additive and rapid quenching
technique on the electrochemical characteristics of low-Co
AB;-type hydrogen storage alloy.

2 EXPERIMENTAL DETAILS
2.1 Preparation of Alloys

The experimental alloys were melted by induction
furnace under an argon atmosphere, The melt was poured into
a copper mould cooled by water, and a cast alloy ingot was
obtained. Part of the as-cast alloys was re-melted and
quenched by melt-spinning with a rotating copper wheel,
obtaining flakes of the as-quenched alloy with quenching rates
of 22,30 and 38 m/s. The quenching rate was expressed by
the linear velocity of the copper wheel. The chemical com-
position of the experimental alloy was MmNiz sCoo « Mny 5
AL B, (x=0, 0.1, 0. 2, 0. 3, 0. 4), The alloys, which
correspond with boron content x, were represented by By,
B, B:s By and By, respectively. The purity of all the
component metals (Ni, Co, Mn, Al is at least 99. 8%. The
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purity of boron is 99. 93%, Mm denoted Ce-rich mischmetal
(w(La)=23. 70 %, w(Ce) = 55.29%, w(Pr)=5. 287,
w(Nd)15. 70%), and the purity is 99. 85%.

2.2 Electrode Preparation and Electrochemical Me-
asurement

The fractions of the as-cast and quenched alloys, which
were ground mechanically into powder below 200 meshes,
were used for the preparation of experimental electrode. The
electrode pellets with 15 mm in diameter were prepared by
mixing 1 g alloy powder with fine nickel powder in a weight
ratio of 1 * 1 together with a small amount of polyvinyl alco-
hol (PVA) solution as binder, and then compressed under a
pressure of 35 MPa. After drying for 4 h, the electrode pel-
lets were immersed in 6mol/L. KOH solution for at least 24 h
in order to wet fully the electrode before the electrochemical
measurement, The pellet was tightly wrapped with foam
nickel slice and was bound with nickel wire. Thus an ex-
perimental electrode was prepared. In order to avoid the in-
fluence of the difference of the preparation methods on the
electrochemical properties of the experimental electrodes, all
of the electrode pellets were prepared by exactly same method
so that it can be ensured that the electrochemical properties
of the electrodes only depend on the characteristics of the
alloys.

The electrochemical properties of the experimental elec-
trodes were tested in a tri-electrode open cell, which consists
of a working electrode (metal hydride electrode), a counter
electrode (NiIOOH/Ni(OH);) and a reference electrode( Hg/
HgO). The electrolyte was a 6mol/I. KOH solution. The
voltage between the negative electrode and the reference
electrode was defined as the discharge voltage. Every cycle
was overcharge to about 50%, with constant current, rest-
ing 15 min and —0. 500 V cut-off voltage. The environment
temperature of measurement was kept at 30°C. The acti-
vation performance and the maximum discharge capacity were
measured with a current density of 60 mA/g, and the cycle
life was measured with a current density of 300 mA/g.

2.3 Microstructure Determination and Morphology
Observation

The sample of the as-cast alloys were directly polished,
and flakes of the as-quenched alloys were inlaid in epoxy resin
for being polished. The samples thus prepared were etched
with a 60% hydrofluoric acid. The morphologies of as-cast
and quenched alloy were observed by SEM and optical
microscope. The samples of the as-cast and quenched alloys
were pulverized by mechanical grinding, and the size of the
powder samples was less than 70 pm. The phase structures
of the alloys were detected by XRD, and the type of X-ray
diffractometer used in this experiment was D/max/2400. The
diffraction was performed with Cu Ka; and the rays were
filtered by graphite. The experimental parameters for
determining the phase structure were-160 mA, 40 kV and
10°/min. The lattice constants were measured by step
scanning, and the experimental parameters were: 160 mA, 50
kV and 0. 02° per step and 1 per step equivalent to 1. 2°/min.
The powder samples were dispersed in absolute alcohol for
observing grain morphology with TEM, and for determining
with selected area electron diffraction (SAD) whether an

2

amorphous phase existed in the samples.
3 RESULTS AND DISCUSSION

3.1 Electrochemical Characteristics of the Alloys

3.1.1 The Activation Capability of the Alloys

Activation number denoted by n was characterized by the
number of charge-discharge cycle required for attaining the
maximum discharge capacity through a charge-discharge cycle
at the constant current density of 60 mA/g Fig. 1 il
lustrated the cycle number dependence of the discharge ca-
pacity of the alloys prepared by cast and rapid quenching(30
m/s), respectively, and the discharge current density was 60
mA/g. It could be derived from Fig. 1 that all of the as-cast
and quenched alloys could be activated easily. The cast al-
loys could be completely activated after two to four cycles,
and it needed two to six cycles for the quenched alloys. The
addition of boron modified the activation performance of
the as-cast alloys and made the activation performance of
the as-quenched alloys decreased slightly. Obviously, the
activation performance of the alloys is intimately relevant
with the phase structure, surface characteristic, grain size
and interstitial dimension of the alloyst®,
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3.1.2 The Discharge Capacity and the High Rate Discharge
Capability of the Alloys
Boron content z and quenching rate dependence of the
maximum discharge capacity was illustrated in Fig, 2. It




could be seen from Fig. 2 that the maximum discharge ca-
pacities of the as-cast and quenched alloys decreased with the
increase of boron content x, when boron content x in-
creased from 0 to 0, 4, the maximum discharge capacities of
the as-cast alloys were reduced from 320 to 257 mAh/g; for
as-quenched alloys obtained with quenched rate of 22 m/s,
from 300 to 240 mAh/g. The effect of rapid quenching on the
discharge capacity of the alloys was significant. The dis-
charge capacity of the experimental alloys decreased with the
increase of quenching rate. When quenching rate increased
from 0 m/s (As-cast was defined as quenching rate of 0 m/s)
to 38 m/s, the maximum discharge capacity of B,alloy was
reduced from 257. 2 to 231. 5 mAh/g.
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Fig.2 Boron content (a) and quenching
rate (b) dependence of the maximum
discharge capacity of as-cast and
quenched alloys

Csomas and Cioomex (in mAh/g units) represented the max-
imum discharge capacities with charge-discharge current
densities of 60 and 300 mA/g, respectively. C, repres-
entedlC rate discharge capability, C, = Cioomax/Coomax X
100%. Boron content and quenching rate dependence of the
1C rate discharge capability were illustrated in Fig, 3. It could
be seen from Fig. 3 that 1C rate discharge capability of the
as-cast and quenched alloys increased with the increase of
boron content x. When boron content x increased from 0 to
0. 4, 1C rate discharge capability of as-cast alloys was
enhanced from 89. 02% to 93. 61%; for as-quenched alloys
with quenching rate of 38 m/s, from 77. 62% to 89. 82%.
Obviously. the effect of boron on rate discharge capability of
the as-quenched alloys was more significant than on that of
the as-cast alloy. Quenching rate had an obvious influence on
the rate discharge capability of the alloys. The rate dis-
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charge capability of the alloys decreased with increase of
quenching rate. It was worthy of attention that the effect of
quenching rate on the rate discharge capability of the alloys
decreased with the increase of boron content x. The high rate
discharge capability of hydrogen storage alloy is a dynamic
problem, Generally, the discharge of hydrogen storage alloy
includes three processes!®™; (1) Electrochemical reaction;
(2) Hydrogen diffusion; (3) a=f phase transformation.
According to aforementioned three essential processes, we
could conclude that high rate discharge of the alloys must
meet two conditions; (1) The diffusion rate of hydrogen atom
in the alloy must be fast enough. (2) The electric catalytic
activation of alloy surface must be large enough.
3.1.3 The Discharge Voltage Characteristics of the Alloys

In order to compare the characteristics of the discharge
voltage plateaus, the discharge voltage curves of the alloys
with different compositions and quenching rate were put in a
figure (Fig, 4). The longer and evener the discharge volt age
plateau, the better the discharge voltage characteristic. In
addition, the discharge plateau voltage is an important
property. It could be found visibly from Fig. 4a that the ad-
dition of boron modified significantly the discharge voltage
characteristics of the as-cast alloys, elevated the discharge
plateau voltage, and decreased the slope of the discharge
voltage plateau. Rapid quenching made the discharge plateau
voltage decreased, and its effect on the slope of discharge
voltage plateau was not obvious.
3.1.4 The Cycle Lives of the Alloys

Cycle life indicated by N was characterized by the cycle
number after which discharge capacity of the alloy with the
current density of 300 mA/g was reduced to 60% of the




Discharge voltage (vs.Hg/HgO )V
&
o0

— 1 1
0'50 50 100

L 1 1 .
150 200 250 300 350

Discharge time/min
(a)

Discharge voltage(vs.Hg/HgO )V

_0 5 1 Il 1 t 1
Y 50 100 150 200 250 300

Discharge time/min
(b)

Fig. 4 The influences of boron content (a) and
quenching rate (b) on the discharge voltage

maximum capacity. Fig. 5 illustrated the cycle number de-
pendence of the discharge capacity of the alloys prepared by
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cast and rapidly quenched (22 m/s), respectively. It can be
derived from Fig. 5 that the slopes of curves corresponding
with as-cast and quenched alloys decreased with the increase
of boron content x, It indicated that the addition of boron was
advantageous to the cycle lives of the alloys. In order to show
clearly the effects of boron and quenching rate on the cycle
lives of the alloys, the boron content x and quenching rate
dependence of the cycle lives of the alloys were illustrated in
Fig. 6. It could be seen from Fig. 6 that cycle lives of the as-
cast and quenched alloys significantly increased with increase
of boron content x. When boron of content x increased from 0
to 0. 4, the cycle life of the as-cast alloy was enhanced from
118 to 183 cycles, and for as-quenched(38 m/s) alloy, from
310 to 566 cycles. Obviously, the effect of boron on the cycle
life of the as-quenched alloy is more significant than on that
of the as-cast alloy. The cycle life of the as-quenched alloy is
longer than that of the as-cast alloy, and the cycle life of as-
quenched alloy increased remarkably with the increase of
quenching rate (Fig. 6b). It indicated the cycle stability of
hydrogen storage alloy is intimately relevant to the
composition of the alloy and its preparation technique.
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3. 2 Determination and Observation of Microst-

ructure

3.2.1 The Determination of the Phase Structure of the Alloy

The phase structures of the as-cast and quenched alloys
were determined by XRD, The X-ray diffraction diagrams of
the as-cast and quenched alloys were illustrated in Fig. 7. It
could be derived from Fig. 7 that as-cast alloy without boron




(Bo)has a single phase structure with CaCus-type. However,
all of the as-cast alloys with boron(B; ~B,)have a two-phase
structure that is composed of a CaCus-type main phase and a
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Fig. 7 The X-ray diffraction diagrams of the as-cast(a)
and as-quenched (b) alloy

small amount of CeCo, B-type secondary phase. Both main
phase and secondary phase belong to hexagonal system with
P6/mmm space group. The abundance of the CeCo, B-type
secondary phase increased with the increase of boron content
x. All of the as-quenched alloys (By ~ B;) obtained with
quenching rate of 22 m/s have a single phase structure with
CaCu;s-type, and CeCosB-type secondary phase disappeared
nearly. The lattice constants of the as-cast and quenched
alloys obtained with quenching rate of 22 m/s, which were
calculated from the diffraction peaks of (10 1), (11 0),
(200), (111) and (00 2) crystal planes of the main phase
of the alloys by a method of least squares, were listed in
Table 1. Tt could be derived from Table 1 that the addition of
boron had a slight influence on the lattice constants of the
main phase. The c axis of the main phase of the as-cast alloys
slightly increased with the increase of boron content =z,
whereas g-axis of the main phase decreased imperceptibly. It
is reasonable to roughly quantify the amount of the secondary
phase of the as-cast alloys by using the relative integral
intensity of the strongest peak (1 1 1) for CaCus-type phase
and the strongest peak (1 1 2) for CeCosB-type phase
because the main phase and the secondary phase belong to the
same space group. The ratio of integral intensity of the peak

(11 2) for CeCoy B-type phase vs. the total integral intensity
of the peak (1 1 1) for CaCus-type phase and the peak
(11 2) peak for CeCo,B-type phase was calculated as the
abundance of the secondary phase of the as-cast alloys (B, ~
B.), and the calculated results were also listed in Table 1. It
could be derived from Table 1 that the abundance of the
secondary phase in the as-cast alloys with boron (B; ~By)
increased with the increase of boron content z. When boron
content x increased from 0. 1 to 0. 4, the amount of the
secondary phase increased from 3. 21% to 20. 26%.

The reason of the addition of boron modifying the activa-
tion capability of the as-cast alloy is attributed to the forma-
tion of the secondary phase. The formation of the secondary
phase increases the number of phase boundaries, which pro-
vide extra tunnels for the diffusion of hydrogen atoms and
probably is buffer area of the releasing of the stress formed in
the process of hydrogen absorbed. The effects of boron addi-
tion on the activation capability of as-quenched alloys were
complicated: the addition of boron increasing the diffusion
coefficient of hydrogen atom in the alloy is favourable for the
activation capability™®!, and boron strongly promoting the
formation. of amorphous phase is unfavourable. Therefore,
whether boron addition would increase or decrease the
activation capability of the as-quenched alloy depended on the
predominant one of the above, Author considered that the
effect of amorphous was much stronger. Therefore, the
activation performance of the as-quenched alloys decreased
slightly with the increase of boron content.

The discharge capacity of the as-cast alloys lowered re-
markably with the increase of boron content x. It was directly
relevant to the formation of the secondary phase in the
alloys. Because CeCo4 B-type secondary phase is a non-hydride
phase, so, the larger the amount of secondary phase, the
lower the discharge capacity of the alloys. In addition, rapid
quenching made the lattice constants and cell volume of the
alloys increased, and it is advantageous to the modification of
the cycle stability and the increase of the discharge capacity
of the alloys.

The cycle stability of hydrogen storage alloy is a deci-
sive factor of the life of Ni-MH battery. The root cause of
leading to battery lose efficacy is on negative electrode,
rather than on positive electrode. The failure of battery is
characterized by the decay of the discharge capacity and the
decrease of the discharge voltage, The literatures’®# con-
firmed that the fundamental reason for the capacity decay of
hydrogen storage alloy is the pulverization and oxidation of
the alloy in process of the charge-discharge cycle. The lattice
internal stress and cell volume expansion, which are
inevitable when hydrogen atoms enter into the interstitials of
the lattice, are real driving force, which leads to the pul-
verization of the alloy. The reason for the addition of boron
enhancing the cycle life of the as-cast alloy was attributed to
the formation of the secondary phase. The formation of the
secondary phase increased the amount of phase boundary,
which probably is a buffer area of the releasing of the stress
formed in the process of hydrogen absorbing. Therefore, the
anti-pulverization property of the as-cast alloys was im-
proved significantly. However, the cycle lives of the alloys
with boron were enhanced dramatically by rapid quenching.
Obviously, it has no relation with the secondary phase, and




Table 1 Cell parameter and volume of CaCus-type main phase; the abundance of secondary
phase in the as-cast alloys with boron
Lattice constant Cell volume/V (A3) abundance of secondary phase/ %
Sample a/ A ¢/A
as-cast 22 m/s as-cast 22 m/s
as-cast 22m/s as-cast 22m/s
Bo 5. 017 5. 021 4,051 4, 053 88. 31 88. 49 — —s
B 5. 016 5.023 4.053 4. 054 88. 32 88. 58 3.21 —
B, 5.016 5.022 4, 059 4,062 88. 45 88. 72 3. 88
Bs 5.015 5. 024 4,061 4,062 88. 45 88. 78 14. 48 —
By 5.014 5,023 4, 061 4.063 88. 42 88.78 20. 26 =

differences of the cycle lives of the alloys with boron (B, ~
B.) were very large although the same rapid quenching
technique was used. So, it is very necessary to further
investigate on the microstructures of the alloys in order to
explain the mechanism of the change in the cycle life,
3.2.2 The Observation of the Microstructure and Morpholo-
gy of the Alloy

Literature!'™ investigated the hydrogen absorbing capa-
bility of La-Ni alloy amorphous film, and the results showed
that the capacity of the amorphous film was half as large as
that of the crystal alloy. Therefore, it seems that the main
reason of rapid quenching leading to the decrease of the
capacity of the alloy probably was because of the formation of
amorphous phase. Thus, the crystalline state of the as-
quenched alloys was determined by TEM, and the results
were illustrated in Fig. 8. It could be seen from Fig. 8 that
amorphous phase formed in the alloys (B, and By) obtained
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with quenching rate of 22 m/s, and the amount of the amor-
phous phase in By alloy was much less than that in B, alloy.
The complete crystal morphology of By alloy could be seen
clearly, whereas we could not see it in By alloy. It could be
seen from Fig. 7(b) that the X-ray diffraction peak of the as-
quenched B, alloy (22 m/s) widen and its height lowered
significantly. It indicated the existence of amorphous phase in
the alloy. The amount of amorphous phase in B, and B, alloys
prepared by same rapid quenching technique was different,
Obviously, it should be mainly ascribed to the function of
boron additive, The experimental results indicated that the
amount of amorphous phase increased with the increase of
quenching rate. Therefore, it could be conclude that the
great difference of the electrochemical performance of the as-
quenched alloys with different boron contents was attributed
to the difference of the amounts of amorphous phase in the
alloys. The influences of rapid quenching on the capacity are
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Fig. 8 The morphologies (a, ¢) and SAD (b, d) of
the as-quenched By and By alloys (22 m/s) (TEM)




