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Abstract: Phase transformations and lattice expansions of MINis 75Co0,7sMng 3Alp 2 during the electrochemical hydrid
ing-dehydriding process were investigated using irrsitu X-ray diffraction. An intermediate hydride Y phase between the
hydrogen solid solution a phase and fully hydrided B phase can be observed during the cycling. The formation of Y phase
is related to the diffusion of hydrogen in the crystal grains. The lower the charge rate is, the higher the content of ¥ phase
is. The during  the hydriding dehydriding
a=a+ Y+ B=B=v+ a=a. The lattice expansion from a to B is discrete, while that from ¥ to B is continuous. The

phase  transformations process can be described as
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formation of ¥ phase can reduce the discrete lattice expansion from a to B by 30% .
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1 INTRODUCTION

ABs-type intermetallic hydrides based on LaNis

have been found in wide application as the negative
electrodes in NrMH batteries. A representative and
NiCoMnAl )5
(Mm: mischmetal, it's used only for financial rea-
son) . For many years, it has been investigated with
great interest in details. Now, ABstype alloys and

commercial one s  Mm (

other type metal hydrides have been the most promis-
ing active electrode materials that can be efficiently
used for electric vehicles.

However, the degradation of alloys in long term
hydriding-dehydriding cycling is still a serious prob-
lem in practical use. It has been reported that this
degradation is mainly induced by the pulverization of
the alloys' .
sidered as the important factor that leads to the pul

The lattice expansion is generally con-

verization! 2. Furthermore, Notten et all'®' and Naka
mura et al'*! found that the discrete a to Blattice ex-
pansion rather than the total lattice expansion is
thought to be the dominant factor that accelerates the
pulverization. Although their findings are suitable for
elucidating the behavior of alloys in the gas-solid reac
tion, it may not be good enough to interpret the be
havior of the alloys as electrode during the charge dis-
charge process for the reason that H atoms diffuse in
the grains is always kinetically limited, which has
been proved by Latroche et al®’ and Chartouni et
all® . They found a second hydride phase during the
charge discharge process, which has a positive effect

on the discrete lattice expansion.

In this paper, we present the results obtained by
irsitu X-ray diffraction. The phase transitions and
lattice expansions of MINi3 75Co0o.75Mng. 3Alp. 2 during
the electrochemical hydriding and dehydriding process
are discussed.

2 EXPERIMENTAL

2.1 Alloy preparation

An alloy ingot of MINi3 75Coo.75Mng.3Alp.» was
prepared by frequency induction melting the Larich
mischmetal and high purity metals of Ni, Co, Mn,
Al in an Ar atmosphere and annealing at 1 473 K for
10 h. The ingot was further grounded into the parti-
cle size of 30 Pm for X-ray diffraction measurements.

2.2 Electrode preparation

450 mg of active material was combined homoge-
nously with 75 mg of carbon black and 30 mg of
PTFE solution ( 30%, mass fraction). Then, this
mixture was cold pressured onto a nickel foam. The
product so obtained had a diameter of 20 mm and
thickness of 0.5 mm.

2.3 Electrochemical measurements

The electrodes were immersed in 6 mol/ L KOH
electrolyte. The potential was monitored against a
Hg/HgO reference electrode. Before the in-situ XRD
measurements, the electrode was activated by cycling

several times at C/ 10 for 12 h and D/ 10 with a cut-
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off at 0.5V vs Hg/HgO. For insitu X-ray diffrac
tion, the electrode was charged at 30, 45, and 60
mA/g, respectively. The discharge current is the
same as that mentioned above, but with a cut-off at

0.5V vs Hg/HgO.

2.4 Imrsitu X-ray diffraction

X-ray powder diffraction measurements were
performed on a Rigaku D/ M ax-2550/ PC diffractome-
ter operating at 40 kV and 300 mA. The divergence
slit and the scattering slit were set to 1° and the re-
ceiving slit 0. 15 mm. In order to perform the time
resolved X-ray diffraction, a special electrochemical
cell was designed, which is described in Fig. 1. This
cell was half-sealed and the negative electrode was
tightly pressured to keep plain by a polyester film
which was transparent to X-ray. Function of the
sample plate was making the sur-face of the cathode
lie on the datum plane, as in the ordinary X - ray
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Fig. 1 Description of electrochemical cell used
in in-situ X-ray diffraction measurements

diffraction measurement. Intensity of ( 111) peak so

obtained was not less than 1.5x 10* counts at the
scan speed of 0. 4(°)/ min.

2.5 XRD patterns analysis

The Rietveld refinement software we used is
MAUD', which is suitable for anisotropic profile
broadening analysis. The precise lattice constants and
phase abundance in the cycling were obtained by Ri-
etveld refinement.

3 RESULTS

Inrsitu X-ray diffraction patterns during the hy-
driding-dehydriding process are shown in Fig. 2.
From it we can see that when xg(H/M) = 0. 6 and
below, the mainly phases are the solution solid ( a)
and the remaining phase, though this two phases are
difficult to be distinguished. As the hydriding process
going on, two other phases begin to appear. The one
with larger lattice constants is the commonly recog-
nized hydride phase, namely B phase, while the other
with smaller lattice constants is newly found by La
troche et all® in the charging process, which is
named as Y phase. Although the Y phase is a hydride
phase, its content decreases as the hydriding process
going on. This characteristic is very different from
another hydride phase ( B), whose content keeps in-
creasing through the hydriding process. At the end of
hydriding, the B phase is dominant, but a little solid
solution phase and remaining phase still exist.

In the dehydriding process, there are two incor
porations occurred. One is the B phase immerged into
¥ phase and one is the solid solution phase incorporat-
ed into the reminding phase. When the dehydriding
process is finished , the hy-drides disappear and the
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Fig. 2 Inrsitu X-ray diffraction patterns in charge discharge process
(The value of x y(H/M) is approximate. The charge rate is 30 mA/ g)
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solid solution phase resumes being the state of that
before hydriding, as seen in Fig. 2.

During the hydriding process, the cell volume
expansions of a, B and Y phases can be clearly ob-
served from Fig. 3. It can be found that the cell vol-
ume of a phase is much smaller than those of Band ¥
phases. So, this type of cell volume expansion is dis-
crete. However, the volume expansion between ¥
and B phases is somew hat continuous. Another lattice
expansion details can also be found in Fig. 3. After B
phase appears, the cell volume of a and Y phases
both decrease until the charge process completes. For
a phase, the change in volume in dehydriding process
is reverse to that in the hydriding process.
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Fig.3 Cell volume expansion in
charge-discharge process

From Fig. 4, it can be concluded that the way of
expanding of a-axis and c-axis of B phase is differ
ent. During the hydriding process, the c-axis is the
first to expand and the a-axis is the second, while
during the dehydriding process, the c-axis drops
more quickly than a-axis does.

In order to investigate the effect of the diffusion
of H atom on the hydriding-dehydriding process, the

contents of the remaining phase and Y phase which
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Fig. 4 Anistropic lattice expansion of B phase in
charge-discharge process

were obtained under different electrochemical condi-
tions were compared. They are shown in Fig. 5. Tt is
clearly indicated that at the lower charge rate, which
is near to equilibrium, the content of remaining phase
is much lower, while that of Y phase is higher. It
seems that the diffusion of H atom in the grains has a

great effect on the formation of those phases.
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Fig. 5 Phase abundances for samples charged

at different rate, but with same H content
(xu(H/M)= 0.3)

4 DISCUSSION

4.1 Phase transformation

During the hydriding-dehydriding process, the
content of Y phase has a maximum value about
xu(H/M)= 3.0. So the composition of this phase is
about MlNi3_ 75 Co0. 75 Mno,3Alo_2H3_o. The structure
of this phase has a hexagonal symmetry, which is the
same as that of solid solution phase and B phase. For
the reason that the Y phase is an intermediate one be-
tween a and B phases, it can be supposed that the Y
phase also has the structure with space group of P6/
mmm. Fig. 6 represents the observed, calculated lines
and the difference plot between them. From it we can
conclude that all of the phases having the same struc
ture is reasonable.

Fig. 5 indicates that the Y phase can only be
formed when the charge rate is very low, which is
close to equilibrium. By considering this, the Y phase
may be related to the diffusion of H atom in the
grains and we can suppose that the distribution of H
content in the grains is discontinuous. In the region
that is close to the grain surface, there is a high over
pressure and the H content at there is also high, then
the B phase is formed; while in the region that is far from
the surface, the content of H is low, so the Y phase with
lower lattice constants is produced, as described in Fig. 7.
Because there are several interstitial sites for H to occupy
in the CaCus Y phase may be
formed when the certain preferred sites are occu

structure' ¥, the
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Fig. 6 Parts of observed, calculated lines and difference plot obtained by

Rietveld refinement for sample of xy(H/M)= 3.0
(20 range of whole pattern is from 18 to 100”)
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Fig. 7 Schematic description of hydriding process within a grain
(The almost unchanged core of the grain represents the remaining phase)

pied by H, while the B phase is produced when the
most of the interstitial sites are occupied. According
to Percheromr Guégan et al'”, the Y phase is formed
when the content of Co excesses 10% or the alloy has
a nonstoichiometric composition. By considering this,
it can be concluded that the alloys with the above
characteristic can produce some certain interstitial
sites that are suitable for the occupancy of H, which
can induce the formation of Y phase. And the Y
phase can be considered as a stable intermetallic
phase.

As the charge process continues, most of the
preferred interstitial sites are occupied by hydrogen.
So the Y phase disappears and the content of the B
phase continuously increases. Unlike B phase, the a
phase has a decreasing in content, but still keeps a lit-
tle at the end of hydriding process. But for the re-
maining phase, the change in its abundance is weak.
It may be induced by the diffusion of H, because H
cannot reach the core of the grains, as shown in Fig.
7.

At the beginning of the dehydriding process,
there is a drop of cell volume of the B phase. After
that, the B and Y phases immerge into one. This can
be understood that the content of H in the grain is re-
duced and H occupies the sites that can produce ¥

phase. The remaining phase can be incorporated into
a phase completely at the end of dehydriding process.
So, the phase transitions in the charge discharge pro-
cess can be described as (the remaining phase exclud-
ed): a=Y+ B=B=y+ a=a.

4.2 Lattice expansion

As can be seen in Fig. 3, there is a discrete lat-
tice expansion between a to B and a to v, but the
lattice expansion of Y to B is somewhat continuous.
However, because the coexistence of the Y phase, the
discrete expansion between a to B can be released by
about 30% . From Fig. 3, it can also be found that
when the B precipitates grow up, the volume of a
phase and ¥ phase begins to decrease. The reason ac-
counts for this may be that in the hydriding process,
generated by the
, which results in lots of vancancies. It is

high density dislocation is

strainl ' 1!
believed that the vacancy can induce the decreasing of
lattice constants. This changes of lattice constants are
reversible in the whole cycling process, as shown in
Fig. 3.

The changes of a-axis and c-axis of B phase are
anisotropic as shown in Fig. 3. This may be affected
by the sites that hydrogen prefers to occupy! ™. Ac

cording to Andresen et all'¥, the interstitial sites in-
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cluded in the LaNis-type alloys can be classified into
D; site and D; site. At the first stage, D, site( near
the Z= 1/2 plane and corresponding to 6 m, 4 h,
and 120 sites in the five-site modell ™) is easy to be
occupied which will increase the c-axis, and after a
part of D site is occupied, the Dy site (near the Z= 0
plane and corresponding to 3f and 12n sites in the
fivesite model' ™) begins to be occupied by hydro-
gen, which will induce the increasing of the a-axis.
This also can be reversed during the dehydriding pro-
cess that a-axis is the first to decrease and then the ¢
axis.

5 CONCLUSION

The diffusion of hydrogen in the grains has a
great effect on the phase

process. When the charge rate is low, the coexistence

transformations of
the charge discharge

of two hydride phases, namely, the partially hydrided
phase( ¥) and the fully hydrided phase( B), occurs.
The phase transformations can be described as a =Y
+ B=B=v+ a=a. Because of the existence of the
Y phase, the discrete lattice expansion of a to B can
be released by about 30% . Another effect of the dif-
fusion of hydrogen on the phase transformations is
that the solid solution phases cannot be completely re-
moved by the hydriding process. Consequently, high-
er capacity and smaller discrete lattice expansions can
be obtained at low charging rate.
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