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The Influence of Mn on the Crystallography and Electrochemistry of
Nonstoichiometric ABs-Type Hydride-Forming Compounds

P.H. L. Notten,®* M. Latroche and A. Percheron-Guégan®

@Philips Research Laboratories, 5656 AA Eindhoven, The Netherlands
PLCMTR, Centre National de la Recherche Scientifique, UPR 209, 94320 Thiais Cedex, France

To design Co-free, low-pressure, hydride-forming compounds for application in rechargeable nickel metal hydride batteries, non-
stoichiometric AB, materials were investigated. The influence of both the Mn content and the degree of nonstoichiometry on the
crystallography, electrochemical cycling stability, and electrode morphology were studied. The investigated composition wasin the
range of La(Ni;_,Mn,), with 5.0 = x = 6.0 and 0 = xz = 2.0. The annealing temperature was essential in preparing homogeneous
compounds. In agreement with geometric considerations, both the a and c axis of the hexagonal unit cell increase with increasing
Mn content. In contrast, the a axis decreases with increasing degree of nonstoichiometry. As proved by neutron-diffraction exper-
iments, the introduction of dumbbell pairs of Ni or Mn atoms on the La positionsin the crystal |attice is responsible for this behav-
ior. The electrochemical cycling stability is found to be strongly dependent on both the chemical and nonstoichiometric composi-
tion. Electrochemically stable materials are characterized by the absence of a significant particle-size reduction upon electrode
cycling, reducing the overall oxidation rate. Unstable materials suffer from severe mechanical cracking through which the oxida-
tion rate is increased. The improved mechanical stability is attributed to the reduced discrete lattice expansion. The most stable
compound has a partial hydrogen pressure of only 0.1 bar, which matches well with that desirable in practical NiMH batteries.
Neutron-diffraction experiments confirmed the hypothesis that La atoms are replaced by dumbbell pairs of Ni, in the case of the
binary LaNis 4, and by Mn atoms in the case of the Mn-containing nonstoichiometric compounds. Electron-probe microanalyses

3181

and density measurements support the dumbbell hypothesis.

© 1999 The Electrochemical Society. S0013-4651(98)12-048-7. All rights reserved.
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From a commercial point of view, the introduction of recharge-
able nickel-metal hydride (NiMH) batteries has been very successful
in the last decade.l? This new battery type has become a serious
competitor for the more conventional nickel-cadmium (NiCd) sys-
tem due to its higher storage capacity and because of obvious envi-
ronmental advantages. Almost all of the present-day NiMH batteries
employ stoichiometric or close to stoichiometric multicomponent
ABs-type compounds as hydride-forming anode materials. These
materials have proven to possess excellent electrode properties such
as high storage capacity, fast activation, long cycle life, and perfect
electrochemical charge/discharge rate capability. It has been argued
that Co forms an essential constituent within these alloys, providing
along cyclelife.2 Since Co is considered to be a strategic and cost-
ly metal, however, this has an appreciable impact on the overall bat-
tery materials cost. Evidently, this cost aspect is becoming a very
dominant issue, not only for the portable electronic industry but also
for the future electric (hybrid) vehicle industry.

Recently, it has been discovered that cycling stability can also be
significantly improved by leaving the stoichiometric ABg composi-
tion, i.e., by making use of the as-denoted nonstoichiometric (AB,)
compounds.®® Advantageously, Cu-containing overstoichiometric
AB, compounds, with x > 5.0, turned out to have excellent cycle life
without making use of any Co. These excellent electrode properties
have been related to the inhibited particle-size reduction, generally
induced by the hydride formation and decomposition process
through which the overall corrosion rate in akaline electrolyte is
also significantly reduced. It has been argued that the inhibited par-
ticle-size reduction was due to the introduction of dumbbell pairs of
B-type atoms on the A-type positionsin the hexagonal crystal lattice
of the AB, compounds.3 As a consequence, the discrete lattice
expansion was found to be significantly reduced or even absent, re-
sulting in the good mechanical materials properties and hence, ex-
cellent cycling stability.* In these fundamentally oriented studies no
attention was paid to more practical materials characteristics impor-
tant for optimum battery operation.38 For example, in the case of the
reported stable Cu-containing nonstoichiometric materias, the hy-
drogen pressure at which the hydride formation/decomposition reac-
tion takes place was of the order of a few bars, which is rather high

* Electrochemical Society Active Member.

for practical applications. The same strategy as outlined here was
very recently also adopted by Vogt et al.” They similarly reported
significant cycle-life improvements for nonstoichiometric, Sn-con-
taining, ABs, ,-type compounds.

It is well known that partial hydrogen pressure can be regulated
carefully by introducing other chemical elementsin hydride-forming
compounds. With Miedema's rule, the influence of other elementson
the hydrogen pressure can be calculated simply.8 Several metals
turned out to be good candidatesin lowering the plateau pressure.®11
Mn, nowadays widely applied in commercial stoichiometric hydride-
forming compounds, is one of the most favorable metals among
these. A clear relationship, on the one hand, between the unit cell vol-
ume of La(Ni;_,Mn,)s compounds and the Mn content and, on the
other hand, between the plateau pressure and the Mn content, was
reported.’? Combining the various experimental results leads to a
semilogarithmic relationship between the hydrogen pressure and the
dimension of the hexagona unit cell, as represented in Fig. 1. This
plot shows that Mn, which ranges between 0 and 2, is indeed very
effective in reducing the plateau pressure and that the crystallo-
graphic unit cell volume can be taken as a good indication for the
partial hydrogen pressure.

In the present study, the impact of Ni substitution by Mn atoms
in stoichiometric and nonstoichiometric AB,, compounds is investi-
gated. Theinfluences of both the chemical composition and the stoi-
chiometry on the crystallography, electrochemical cycling behavior,
and the el ectrode morphology are described. The special substitution
mechanism characteristic of these nonstoichiometric compounds has
been studied in more detail by neutron-diffraction measurements for
both the binary LaNis 4 alloy and the most interesting Mn-contain-
ing compounds. Furthermore, pressure-composition isotherms have
been determined by electrochemical means at room temperature and
via the gas phase at higher temperatures for the most interesting
compounds. In addition, the discrete lattice expansion, induced by
the hydride-formation/decomposition process, has also been investi-
gated for these materials.

Experimental

All stoichiometric (ABs ) and nonstoichiometric (ABg, and
ABg ) compounds were prepared from the melt as buttons by mix-
ing the appropriate amounts of starting materials, having a purity of
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Figure 1. Logarithmic dependence of the hydrogen plateau pressure on the
volumetric dimension of the hexagonal unit cell of stoichiometric LaNis_,M,
compounds with varying Mn content (z) with 0 < z < 2.0 at 25°C (from
Ref. 11).

better than 99.9 wt %, and arc-melting them several times under a
purified argon atmosphere to ensure homogeneity. The buttons were
sealed into separate quartz tubes, containing a low argon pressure at
room temperature, and subsequently annealed for 1 week at differ-
ent temperatures. It has been shown that formation of single-phase
compounds within the homogeneity regions is strongly temperature-
dependent and is significantly influenced by both stoichiometry and
chemical composition.®® In order to obtain information about the
homogeneity regions of the various compounds, different annealing
temperatures have been applied in steps of 100°C within the temper-
ature range 700-1200°C. As derived from conventional X-ray powder
diffraction (XRD) measurements, the optimum annealing tempera-
tures are listed in Table I. In some cases, however, small amounts of
asecond phase could be found, indicating that the actual composition
may deviate somewhat from the nomina composition. This may also
explain the measured dispersion in some of the lattice constants. As
can be seen from Table I, the appropriate annealing temperature
increases with an increasing deviation from stoichiometry, i.e., with a
larger value of x, and decreasing Mn content.

After cooling, the as-produced solids were mechanically ground
into powders. Only the powder fractions which passed through a
50 wm sieve were used for al experiments. All powders were ana-
lyzed by XRD using conventional equipment (Philips PW 1800
powder diffractometer with Cu Ka radiation in the 10-120° 26
range) and were in most cases found to be single-phase.

Electrodes were prepared for the electrochemical cycling experi-
ments by mixing the sieved powders with Cu powder (Merck pro

Table . Annealing temperature (°C) of the various
stoichiometric and nonstoichiometric compounds prepared.

Mncontent  La(Ni;_,Mn)s  LaN;_,Mn)s, LaN;_,Mn)e
0.00 800 1200 —
0.50 800 1100 —
0.75 800 1000 1100
1.00 800 1000 1100
125 800 1000 1000
150 800 900 1000
2.00 700 — —

analyses) in the weight ratio of 1 to 4 and pressing these mixtures
into pellets at a pressure of 4 X 108 N m~2. 150 mg electrodes with
adiameter of 8 mm were tested in a conventional thermostated two-
compartment electrochemical cell using a6 M KOH electrolyte, a
Hg/HgO (6 M KOH) reference electrode, and a Pt counter electrode
positioned in the second compartment, which was separated by a
glass frit from the working electrode compartment. All experiments
were performed under thermostatic control at 25°C. Galvanostatic
charging was performed with a current of 350 mA/g of active
hydride-forming material for 1.25 h. The electrodes were discharged
with the same current until the cutoff voltage of —550 mV vs.
Hg/HgO was reached. In order to obtain periodically the total stor-
age capacity (C,), the electrodes were additionally discharged every
30 cycles with alow current of 35 mA/g until the same cutoff volt-
age was reached. After every discharging step, the electrodes were
alowed to come to equilibrium for 15 min.

After the cycle experiments had been completed, the electrodes
were dismantled, successively washed in water and ethanol, dried
in vacuo, broken into two parts, embedded in an epoxy resin (Resin-
5, Struers, Denmark), polished, and cross-sectionally inspected by
means of optical microscopy.

Both electrochemical and gas-phase measurements were per-
formed to determine the pressure/composition isotherms of the most
interesting materials. Since the plateau pressures of the present mate-
rials are predicted to be low, the gas-phase measurements were per-
formed at higher temperature. Prior to the isotherma measurements
the samples were activated five times by exposing them to 10 bars of
hydrogen gas followed by desorption under vacuum at 80°C. The
isothermal desorption curves were measured at the same temperature
using conventional Sievert’s equipment. After the isotherma meas-
urements were completed, the samples were partly loaded with H,
toward ca. 50% of its actual storage capacity. Subsequently, the pow-
ders were removed from the Sievert’s equipment and quickly trans-
ferred into an X-ray sample holder. As the equilibrium pressures for
both compounds are relatively low, it is reasonable to assume that no
significant desorption occurs during transfer. The X-ray spectrawere
measured at 20°C with a Bruker-AXS D8 diffractometer with Cu Ka
radiation in the range 18-120° (26) by steps of 0.02°.

It has been shown that pressure-composition-temperature iso-
therms (PCT) can be accurately determined at room temperature by
electrochemical means,12 especially when very low pressures are
involved.® For these measurements, the same electrochemical acti-
vation procedure was performed as described previously. After com-
pletely discharging with a low current (35 mA/g), the electrodes
were intermittently charged for 30 min again with 35 mA/g under
thermostatic control (25°C). During the 1 h resting period the elec-
trode potential was allowed to come to equilibrium. The same pro-
cedure was followed during the discharging process. The partial
hydrogen pressure can then be calculated from the equilibrium
potential (Egl,), according to213

RT
eq _ _ _
ES, = —0.926 F|n(pH2/pref) 1]

where Risthe gas constant, T istemperature, F is Faraday’s constant,
nis 2, the constant —0.926 is related to the hydrogen standard redox
potential vs. the Hg/HQO reference electrode, and py, refers to the
standard pressure (p,¢) condition of 1 bar. This procedure was repest-
ed 25 times for both the charging and discharging process. Discharg-
ing was interrupted at —550 mV vs. Hg/HgO. The electrochemical
PCT measurements were performed after cycle 31, i.e., after full acti-
vation and before significant degradation had taken place.

For the neutron-diffraction (ND) experiments, the two most inter-
esting Mn-containing powders with nominal composition
a vanadium cylindrical can. ND measurements were carried out at
the Laboratoire Léon Brillouin in Saclay. The diffraction patterns
were recorded on the 3T2 diffractometer at room temperature in the
range of 6 < 20 < 125° by steps of 0.02° (\ = 1.2272 A). In order to
check the dumbbell hypothesis for the present nonstoichiometric
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compounds, the most simple, binary compound was also investigat-
ed. This LaNi5, compound was investigated at the Institute Laue
Langevin in Grenoble on the D2B diffractometer between 10 and
160° in 26 with a step scan of 0.05° and A = 1.5966 A. All diffrac-
tion patterns were analyzed by a whole-pattern fitting procedure,
again using the program FUL L PROF.* The Fermi lengths used (i.e.,
the scattering factors) were b, = 8.24 F, by; = 10.3 F, and by, =
—3.73 F, respectively. The refinement procedure is described in the
Results section. The neutron-diffraction samples were carefully
examined by electron-probe microanalysis (EPMA). 30 data points
were collected for each material, resulting in the reported average
values. In addition, volumetric density measurements were per-
formed (Accupyc 1330).

Results and Discussion

X-ray diffraction.—The XRD patterns show that all stoichiomet-
ric and nonstoichiometric compounds crystallize in the hexagonal
hP6 CaCuj structure (P6/mmm space group). The lattice parameters
calculated from the XRD patterns are plotted in Fig. 2 and reveal that
both the a and ¢ axisincrease with increasing Mn content. As expect-
ed, substitution of Ni atoms (radius 1.246 A) by the larger Mn atoms
(dependent on the coordination number, the Mn radius is either
1.264 or 1.304 A 15) within the stoichiometric ABg, composition
leads to an increase of lattice parameters. These results are in good
agreement with those found by Lartigue et al.!* Considering the
stoichiometric AB;5  structure, one A-atom position, at the 1a site,
and two B-atom positions, at the 2c and 3g sites, can be distin-
guished in the CaCusg unit cell, as schematically indicated in Fig. 3.
The partial replacement of Ni by Mn in these compounds has been

5.2 T T T
‘AB
5.15 30
—_ & AB5 4
‘< B / e
® o ABg g

/ D/
5.05 |- L -
AL/D/ _,./

5:—/ i
4,95 - -

4.15 1 /A _

410 E/g 1

© 4.05 ° _
0 /e o
ool :
3.95 . | l | |
0 0.5 1 1.5 2 25

Mn-content ——

Figure 2. Dependence of the lattice constants a and ¢ on the Mn content in
(A) stoichiometric AB5y and nonstoichiometric () ABs4 and (@) ABggq
compounds as obtained from XRD.

investigated by neutron diffraction and has been reported to occur
disorderly, but mainly in the z = %/, plane at the 3g site, which isthe
less dense atomic plane. Only a small portion of Mn atoms was
found to occupy the 2c sitein the z = 0 plane.1%1617

For the nonstoichiometric ABs , and ABg o compounds, similar
crystallographic trends are found: both the a and ¢ axisincrease with
increasing Mn content. Strikingly, the a axis clearly decreases with
increasing deviation from the ABg stoichiometry, i.e., with an
increasing value of x. Such a dependence has a so been reported for
the Cu-containing nonstoichiometric materials.® In contrast to the
Cu case, no clear dependence of the ¢ axis on the degree of nonstoi-
chiometry is found for the present Mn compounds. In order to
accommodate the excess amount of B-type atoms in the nonstoi-
chiometric materials, it has been proposed that the A-type atoms are
replaced by dumbbell pairs of B-type atoms. This is aso schemati-
cally represented in Fig. 3A. The dumbbell positions are denoted as
the 2e sites. Consequently, due to the presence of the dumbbells, the
hexagons of B-type atoms surrounding the dumbbells are induced to
change their symmetry as well, resulting in the 6l sites. A planar
view of the [110] plane, in which the atoms are more or less drawn
to scale, makes the geometrical impact of this specia substitution
mechanism more clear (see Fig. 3B). Since thereis much more room
for the hexagons surrounding the dumbbells (Fig. 3B), it can easily
be understood that the introduction of the dumbbellsin nonstoichio-
metric compounds decreases the a axes of the crystal lattice
(Fig. 2a). The fact that the present materials do not show a clear

(c)

Figure 3. (A) Three-dimensional representation of a nonstoichiometric AB,
compound. The large atoms positioned at the corners of the hexagona unit
cell representing La are characterized by 1a symmetry. The smaller atoms
represent the B-type atoms. The four different B-type positions to be distin-
guished are indicated in the two alternating z =0 and z = Y/, planes. (B) Pla-
nar view of the [110] plane of the same hexagonal structure.
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Figure 4. Dependence of calculated unit cell volume (V) on the Mn content
in (A) stoichiometric AB5y and nonstoichiometric ((J) AB5 4, and (@) ABgq
compounds.

increase of the ¢ axis, like that found in the Cu case,® remains to be
clarified. Possibly, the inhomogeneity of some samples contributes
to this equivocal dependence.

Figure 4 shows the unit cell volume (V) of the investigated com-
pounds as a function of the Mn content, indicating that V increases
with increasing Mn content and decreases with increasing the degree
of nonstoichiometry. From the data shown in Fig. 1, it can indeed be
inferred that the plateau pressure can be reduced several orders of
magnitude by introducing Mn in to the present nonstoichiometric
compounds.

The number of La replacements can be calculated as a function
of the degree of nonstoichiometry by assuming that a fraction y of
Laatoms is replaced by 2y B-type atoms.® The general AB, formu-
lacan berewritten asA;_yBs ., 5. Normalizing the amount of B-type
atoms with respect to the A content gives the relationship between
the fraction of substituted A-type atoms (y) and the overall nonstoi-
chiometric composition (x)

X—5
= 2
X+ 2 [2]

In the case of the present Mn-containing compounds in which the
nominal Mn amount is denoted by z, the general formula becomes

Layy(Niy Mn)s, 5y (3]

Since both Ni and Mn can occupy all the four different B-type posi-
tions in the nonstoichiometric crystal lattice (see Fig. 3), each crys-
tallographic site (i) can be characterized by the atomic ratio ¢;, which
is defined by

Mni

gi N Mni + Nll

(4
When, in addition, the number of atoms per unit cell occupying the
different positions in the CaCus unit cell is denoted by the occupan-
cy factor T;, the whole system is characterized. The dependence of the
total amount of Ni and Mn on ; and ; can then be represented by

4

Tl =) =1 - 25+ 2y) [5]
1=1

and

i (&) = 25 + 2y) (6]
1=1

respectively. The various positions are summarized in Table 1. Evi-
dently, thereisadirect connection between the T, of the various posi-
tions and the substitution level y of these nonstoichiometric com-
pounds. This relationship is also indicated in Table I1. In the case of
the 3g positions, T, remains, of course, fixed at 3.

Electrochemistry.—All compounds were electrochemically test-
ed in order to investigate their electrochemical storage capacity and
cycling stability. Three typical examples of cyclelife plots are
shown in Fig. 5. These examples relate to compounds with nominal
composition LaNi,_4 55Mny 55 in which the stoichiometry was var-
ied intherange 5.0 =< x < 6.0 and the Mn content was fixed at 1.25.
In the initial stages, all compounds show an increase in storage
capacity. During this so-called activation process, the natural oxide
covering the powder particlesis broken. The charge-transfer kinetics
of the hydrogen reaction is consegquently improved, leading to
increasing capacities. The large lattice expansion occurring upon
hydride-formation/decomposition and the resulting particle-size
reduction is also thought to be important for producing new, highly
electrocatalytic electrode surfaces.

The initial storage capacity [C(0) %], as obtained from extrapo-
lating the low-current capacities to cycle n = 0, are all relatively
high for the three electrode materials shown in Fig. 5. The electro-
chemical cycling stability has been characterized by the stability fac-
tor S(400), which expresses the ratio between the remaining storage
capacity after 400 charge/discharge cycles [C,(400)] and [C(0)].2
Figure 5 reveals that both the ABs and AB5, compounds suffer
from severe degradation. After 400 charge/discharge cycles, only
approximately 25% of the initial storage capacity is left. On the
other hand the ABg is found to be remarkably stable. In this case
only about 25% of the initial storage capacity is lost, leading to an
S(400) value of 75%.

All electrochemical results are summarized in Fig. 6 and 7. The
Mn content has practically no effect on the initial storage capacity of

Table I1. Description of the crystallographic sites in nonstoichiometric Lay _(Ni;,Mn,)s,, compounds.?

Site/symmetry Atoms Occupancy Tj 7 = f(y) g
0 la La To(La) O=m=1 T9 =1y
12 Ni, Mn 71(Nig—g,Mng) 0=m=2 T, = 2-6y 0=(=1
2 39 Ni, Mn mo(Nig—_,Mng) T5,=3 =3 0=(=1
3 6l Ni, Mn m3(Nig— Mng) 0=13=2 T3 = 6By 0=(3=1
4 2e Ni, Mn T4(Nig_( Mng,) O=m=2 Ta=2y 0={=1

a1, isthe occupancy factor of each crystallographic site and ¢; represents the atomic ratio between Ni and Mn atoms. See text for the relations between
7; parameters x and y. The maximum value of 75 is restricted to two, since y must be within the range 0 = y = 0.333 (otherwise T, would become neg-

ative, which is meaningless.
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Figure 5. Cycle-life plots of stoichiometric ABgq [(A) LaNizz5Niq »5] and

nonstoichiometric ABs 4 [((J) LaNi4 15Mny o5] and ABg o [(@) LaNi4 75M Ny 5]
compounds. Note the constant Mn content of 1.25 in all three compounds.

the nonstoichiometric compounds (Fig. 6). C,(0) decreases strongly
for the stoichiometric compounds, especialy at Mn contents larger
than 1. Thisisin contradiction with corresponding gas-phase exper-
iments where the Mn content is reported to have only little influence
on the hydrogen storage capacity.11.17 A possible explanation for this
anomal ous behavior could be that the plateau pressure of these mate-
rias is relatively low so that they form very stable hydrides (see
Fig. 1 and 4). In order to release all hydrogen, the electrochemical
driving force must be appreciable. Otherwise, not all hydrogen can
be released, and the electrode will be only partly discharged.

As Fig. 7 shows, the Mn content has a positive effect on the
cycling stability for the ABs5 o compounds. It should be noted, how-
ever, that the storage capacity is relatively small for these com-
pounds (Fig. 6). For the nonstoichiometric ABs, compounds, the
cycling stability isrelatively poor at low Mn content, goes through a
maximum, and subsequently decreases at higher Mn contents. In the
case of the nonstoichiometric ABg materials, the same tendency
can be seen with increasing Mn content, except that the cycling sta-
bilities are much higher than those for the corresponding ABs 4, com-
pounds. In particular, the ABg , compound with Mn content of 1.25

400+ .
ABsy 2
T ——s—s—* ABgo
a o
2 300 T~ s -
< N
E
S 200t * -
8]
100 ABg o
0 | ! | 1
0 0.5 1 1.5 2

Mn-content ——

Figure 6. Extrapolated initia storage capacity [C,(0)] asafunction of theMn
content in (A) stoichiometric ABgg and nonstoichiometric (CJ) ABs 4 and
(®) ABgo compounds as obtained from electrochemical cycle life experi-
ments (see also Fig. 5).

80t i
£ 60 .
S
o
=
on 40F .
20}, .
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Mn-content ——
Figure 7. Cdculated cycling stability factor [S(400)] as a function of the Mn
content in (A) stoichiometric AB5 o and nonstoichiometric ((J) ABs 4, and (@)
ABg o compounds as obtained from electrochemical cycle life experiments.

combines a high storage capacity with a good cycle life (see aso
Fig. 5). Apparently, the degree of nonstoichiometry must be consid-
erable since the AB5 , compound with the same Mn content is not
electrochemically stable.

Typical optical microscopy photographs of the cycled electrodes
shown in Fig. 8 reveal asignificant distinction in particle size for the
stable and unstable compounds. Stable compounds show relative
large particles even after more than 400 electrochemical charge/dis-
charge cycles (Fig. 8b), whereas the unstable compounds consist of
much smaller particles (Fig. 8a).

In order to account for the capacity loss of the various hydride-
forming el ectrode material s upon charging and discharging in alkaline
eectrolyte, the following mathematica relationship has been derived

ci’® = c(0)3 - Ct(o)llngk;XaHzOMABx t [7]

in which C; is the total electrochemical storage capacity at any time
t in the electrode cycle life, k,, is the materials oxidation rate con-
stant, a0 is the activity of water, M, the molecular weight of the
material, and A, is the specific surface area of the electrochemical
active hydride-forming powder.312 The much larger particles in the
case of the stable electrodes support the concept that the cyclelifeis
significantly improved due to the relatively small surface area (A)
brought into contact with the electrolyte. This limits the amount of
oxides formed during cycling and consequently limits, according to
Eq. 7, the electrode capacity loss. A closer inspection of, for exam-
ple, Fig. 8b indeed reveal s the presence of approximately 1 pm thick
oxide surface layers surrounding the hydride-forming powder parti-
cles formed upon prolonged cycling.

Figure 9 shows a comparison of the most informative part of the
measured XRD spectrafor the partly hydrided stable ABg compound
and the unstable ABg hydride. Obviously, both materials reveal a
clear a-to-B phase transition. The intensity of the reflections points
to a 50% hydrided ABg compound, whereas the ABs-hydride com-
position is about 60% of its maximum capacity. The lattice constants
of the various phases at the plateau have been calculated from the
complete XRD spectra. The calculated values are also indicated in
Fig. 9. The volumetric dimension of the hexagonal unit cells can
then be calculated according to

3.2
V,g = .—a%c [8]
o,B \‘4
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(a)

(b) - L T
Figure 8. Typical examples of optica photomicrographs of a polished (a)
stoichiometric LaNi3z,5Mn; o5 €electrode and (b) a nonstoichiometric

LaNi4 75Mny o5 electrode after approximately 400 complete electrochemical
charging/discharging cycles.

where V,, and V;, refer to the plateau region at which, under equilib-
rium conditions, the a-phase corresponds to its maximum hydride
content and the B-phase corresponds to its minimum hydride con-
tent. As has been defined before,® the volumetric | attice expansion of
these phases can be related to the unit-cell dimension of the unhy-
drided materias (V,) according to

AV Vi — V.
% ow R
(o] (o]

For the present compounds, Eq. 9 reveals that the discrete lattice
expansion is substantially reduced from 15.8% for stoichiometric
AB;5 compound to 13.9% for the nonstoichiometric ABg. The discrete
lattice expansion was argued to be an important material property,
determining the cracking behavior of the hydride-forming powdersto
alarge extent.>12 The dumbbell atom pairs introduced on the 2e site
(Fig. 3) were considered responsible for the decrease or even disap-
pearance of the discrete lattice expansion and hence, for the accom-
panying mechanical stability. In the latter case the hydride-formation
mechanism was reported to change at the as-denoted critical compo-

sition from a two-phase into a solid-solution mechanism.>1?

Figure 7 shows that by increasing the Mn content within the
ABg series, the electrochemical stability passes through a maxi-
mum. This suggests that two processes are counterbalancing each
other in this region. From Eq. 7 it seems likely that the discrete |at-
tice expansion is suppressed with increasing Mn content and conse-

1000

Intensity (counts) ——

B-ABs p-AB; AB;  0-ABg
alA] 5376 5306 5114 5075
clAl 4291 4250  4.095  4.085

| | |
27 28 29 30

Diffraction angle 20 (0) ——
Figure 9. XRD spectra of partly hydrided (- - -) LaNiz75Mny o5 and (—)
LaNi4 75Mn; 55 powders under equilibrium conditions at 20°C. The reflec-
tions, which can be distinguished, are indicated together with the calcul ated
|attice constants for each crystallographic phase.

quently, that cracking is diminished, resulting in a smaller value for
A,. The decrease in electrochemical cycling stability at higher Mn
content, on the other hand, can very likely be attributed to an
increased oxidation rate constant k,, (Eq. 7). This indicates that the
oxidation rate constant is strongly dependent on both the chemical
composition of the hydride-forming compound, in this case on the
Mn content (z), and the degree of nonstoichiometry (x). These results
suggest that the electrochemical cycling stability can be further im-
proved by fine-tuning both these parameters.

Figure 10 shows the electrochemically measured desorption
isotherms at 25°C for the ABg and ABg o compounds each with a
Mn content of 1.25. The stoichiometric compound reveals an ex-

10 : : :
/
— 11 7
< f
£ ABGO /./.
n_f' 0.1 .,.-.-.—o—o'-o-o-o-o—o—".
. B o~ A -
./
/ /
0.01} / i
AB5.0 //
A—A—A—A—A—A—A—A—A—A—A—A—K
0.001} V/ i
0.0001 4 - ' '
0 100 200 300

Capacity [mAh/g] ——>

Figure 10. Desorption isotherms electrochemically determined by means of
current-interruption measurements at (A) LaNiz;sMn;o5 and (@)
LaNi475Mny o5 electrodes at 25°C.
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TableIll. Stoichiometric and chemical composition of the three compounds subjected to ND. Calculated values correspond to the amount of
each element at the preparation stage whereas the measured values are obtained from EPMA.

LaNis4 LaNiz 75Mny 55 LaNig 75MnNy 55
EPMA analysis Nominal Measured Nominal Measured Nominal Measured
X 5.4 5.39(1) 5.00 5.13(1) 6.0 557(2)
y 0.054 0.053(1) 0.000 0.018(1) 0.125 0.075(1)
oz — - 0250 0.245(9) 0.208 0.166(1)
La;_y(Ni;_Mn)s o, = AB, Lag g46Nis 108 L&y 982(Nig.755M N 245)5 04 L &y.925(Nig.g3aMng 166)5.15 + NigssMng 45

tremely flat pressure plateau at 0.002 bar. Thisvalueisin fair agree-
ment with what is expected on the basis of a unit-cell volume of
92.3 A 3 (see Fig. 4) and Fig. 1. The plateau of the nonstoichiomet-
ric compound is aimost two orders of magnitude higher and is less
flat in comparison with that of the stoichiometric material. This more
sloping plateau indeed points in the direction of a smaller discrete
lattice expansion, which was held responsible for the increased
mechanical stability of the powder electrodes.>12 The increase of the
pressure with increasing degree of nonstoichiometry was also found
with the previously reported Cu-containing materials.*> However, in
the present Mn case the increase is much more pronounced. Evi-
dently, in line with thermodynamic considerations, the plateau pres-
sures obtained viathe gas phase at 80°C are higher and lie at 0.02 and
0.6 bar for LaNiz 75Mny 5 and LaNi4 75Mny o5, respectively. Advan-
tageoudly, a plateau of 0.1 bar at room temperature and 0.6 bar at
80°C for the electrochemically stable, nonstoichiometric, compound
indeed meets the currently accepted NiMH battery requirement.?

Neutron diffraction.—As shown in one of the previous sections,
the present Lay _(Ni1—Mn,)s, 5, system can be fully described by
the parameters 7, and ;. Assuming that in each unit cell there is
either aLaatom or adumbbell pair of Ni and/or Mn atoms, T; can be
calculated from the y value for each crystallographic site, asindicat-
edin Tablell. They values for the compounds have been determined
by EPMA measurements. The B sites are assumed to be occupied by
Ni atoms only, even for the Mn-containing compounds, and their
occupancy factors, N;, were refined independently. Furthermore,
when Eq. 5 and 6 are taken into account, the {; parameters can be
obtained from the refinement of occupancy numbers N; for each B
site, where N; is given by

Ti

N = b—[(l — )by + Cibwm] [10]

NI

The EPMA results are summarized in Table Il1. the calculated
nomina values correspond to the amount of each element introduced
in the preparation stage, whereas the measured values are deduced
from EPMA. The accuracy of the measurementsisindicated between
parentheses. Both data are in very good agreement for the binary

compound LaNis 4. The stoichiometric LaNiz7sMn; o5 compound is
found to be slightly overstoichiometric, with an x value of 5.13. How-
ever, the distribution between Ni and Mn atomsisin good agreement
with what is expected. Only the compound LaNi, 7sMn; o5, which is
supposed to be ABg g, is not single-phase. The measured stoichiome-
try is ABg 57, resulting in ay value of 0.075 (Table I11). The excess
amount of Ni and Mn is precipitated as a second phase having acom-
position of NiggsMng 45. From the Rietveld analyses, the amount of
this second phase could be estimated to be between 5 and 6 wt %,
which isin good agreement with the EPMA resullts.

The hypothesis of the presence of dumbbells in nonstoichiomet-
ric compounds has been tested using the simplest compound, the
binary LaNis 4. Moreover, since dl {; values are zero for this com-
pound, Eq. 10 reduces to N; = T, alowing a check on the derived
relationship between y and the 7; values for the various positions list-
edin Tablell. The crystallographic data are summarized in Table I V.
Refinement of the occupancy factors leads to ay value of 0.050(2),
which is in fairly good agreement with the calculated one (0.054).
The various refined and calculated values for 7; are also summarized
in Table IV for comparison. The distance between the two Ni atoms
forming the dumbbells can be calculated from the refined atomic z
coordinate of the 2e site, according to

d=2zc [11]

yielding a distance of 2.62(4) A. This value is slightly larger than
what is expected from the atomic radius (ry; = 1.246 A). By using a
joint refinement procedure based on both neutron and synchrotron
data to be reported shortly, the calculated distance (2.49 A) is com-
ing very close to what is theoretically expected.!® The presence of
dumbbellsis aso confirmed by density measurements. These results
are shown in Table V and reveal that there is very close agreement
between the volumetrically determined densities and those deduced
from the combined EPMA and ND experiments.

Crystallographic data for the LaNizsMny o5 and 1aNiy 7sMny o5
compounds are given in Tables VI and VII, respectively. A close
inspection of the ND spectrum of the latter powder indeed revealsthat,
in agreement with the EPMA result, a second NiMn phase is present.
This phase is analyzed to have the tetragona AuCu-type structure.

Table V. Structural data on LaNis 4 with atomic coordinates (X, y, 2), thermal factors (B), and refined (N;) and calculated (t;) occupancy

factors.
T = Ni Ti
Site/symmetry X y z B (Refined) (Calculated)
0 1la 0 0 0 1.54(4) 0.950(3) 0.946
1 2 13 2/3 0 1.698(3) 1.676
2 39 12 0 12 1.28(2) 3.00(fixed) 3.00
3 6l 0.274(2) 2x 0 0.302(3) 0.324
4 2e 0 0 0.327(4) 0.101(3) 0.108
Profile U = 0.103(4) Cell a=5.002(1) A
parameters V = —0.181(8) parameters c = 4.008(1) A LaggsNis 10 r = 0.054
W = 0.253(4) R factors Ryp = 4.42
n = 0.66(1) R = 6.12
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Table V. Density measurements.

Density (g/cm?) LaNis,  LaNigzsMnyos  LaNigzsMng o5
Volumetric 8.241(4) 7.638(3) 7.836(2)
EPMA + ND 8.25(4) 7.69(6) 7.91(6)

Concerning the substitution of Ni by Mn, it is found that the
dumbbellsin both Mn-containing compounds almost fully consist of
two Mn atoms (¢; = 100 and 96% in Tables VI and V11, respective-
ly). The amount of Mn on the 6¢ siteis zero for LaNi3 ;5Mny 55 but
reaches 25% for LaNi, 75Mny o5. Since the amount of Mn is limited,
the number of Ni atoms substituted by Mn atoms on both the 3g and
2c sites of LaNi4 75Mn; o5 is reduced. Mn preferably occupies the 3g
site with respect to the 2c site in the present materials, similar to the
result reported for Mn-containing stoichiometric compounds,*! al-
though it should be noted that the atomic ratio clearly diminishes at
a higher degree of nonstoichiometry. This indicates that the intro-
duction of alarge number of dumbbells also causes the z = 0 plane
to be less dense to some extent. The total amounts of Ni and Mn, as
represented by Eq. 5 and 6 and measured independently by EPMA
and ND, are compared for both compounds in Table VIII and are
found to be in good agreement with each other. In addition, the den-
sity measurements performed with these compounds (Table V) are
also in good agreement with those derived from the combined
EPMA and ND measurements, indicating the reliability of these ex-
perimental methods.

The ND results of the present Mn-containing compounds reveal
that the dumbbell positions are almost exclusively composed of Mn
atoms. This strongly contrasts with the previously reported Cu-con-
taining nonstoichiometric materials*> for which it was concluded
that no Cu atoms were introduced at the dumbbell position for the
optimized AB5 4 compound (LaNi,4 4Cu). In this case the dumbbells

were entirely composed of Ni atoms, suggesting that the presence of
dumbbell pairsin the crystal lattice rather than the chemical nature
of these dumbbellsis responsible for the mechanical stability of the
powder particles. On the other hand, comparing the poor electro-
chemical cycling stability of binary LaNis 4 with that of LaNi,,Cu
clearly indicates that apart from geometrical aspects, the chemistry
of the dumbbells certainly contributes to this stability.3 This shows
that the interesting role these dumbbells play in relation to the good
mechanical properties is still not fully understood and needs to be
investigated further.

Conclusions

The most striking aspect of the present results is that the investi-
gated nonstoichiometric AB,-type hydride-forming compounds can
be made electrochemically stable and are characterized by low hydro-
gen pressures without making use of precious Co. Mn turned out to
be an effective chemical element in thisrespect. The influence of both
the amount of Mn () and the degree of nonstoichiometry (x) of these
La(Ni;_,Mn,), materials on the crystallography, electrochemical
cycling stability, and electrode morphology has been investigated.

The optimum annealing temperature was found to be clearly
dependent on the composition. The best annealing temperature to
obtain homogeneous compounds generally decreases with (i) in-
creasing Mn content and (ii) with decreasing degree of nonstoi-
chiometry. XRD measurements confirmed that all these compounds
crystallize in the hexagonal CaCus structure. Both the a and ¢ axis
of the unit cell are found to increase with increasing amount of Mn,
as expected, because Mn has a larger radius than the substituted Ni.
On the other hand, by increasing the degree of nonstoichiometry, the
a axis clearly decreases while the ¢ axis remains more or less fixed.

The decrease of the a axis has been attributed to the fact that the
excess B-type atoms are introduced into the crystal lattice by replac-
ing part of the large La atoms by dumbbell pairs of the much small-
er B-type atoms oriented along the ¢ axis.®° Neutron-diffraction
results obtained with the binary nonstoichiometric LaNig 4 support

TableVI. Structural data of LaNizzsMny ,s.

Site/symmetry X y z B T (EPMA) g
0 1la 0 0 0 0.89(5) 0.982
1 2 13 2/3 0 1.892 0.090(4)
2 39 12 0 12 0.81(3) 3.000 0.34(1)
3 6l 0.29(1) 2.X 0 0.108 0.02)
4 2e 0 0 0.32(1) 0.036 1.0(3)
Profile U = 0.345(2) Cell a=5107(1) A
parameters V= -0.345 parameters c = 4.083(1) A
W = 0.148 R factors Ryp = 4.31% y = 0.018
n = 0.38(1) R = 6.49%
TableVII. Structural data of LaNig7sMny o
Site/symmetry X y z B 7i (EPMA) g
0 1la 0 0 0 1.15(7) 0.925
1 2c 3 2/3 0 1.550 0.070(2)
2 3g 12 0 12 0.89(3) 3.000 0.15(1)
3 6l 0.29(1) 2x 0 0.450 0.25(4)
4 2e 0 0 0.32(1) 0.150 0.96(3)
Profile U = 0.315(2) Cell a=5.044(1) A
parameters V= -0.345 parameters c=4073(1) A
W= 0.148 R factors Rop = 5.47% y = 0.075
M = 0.52(1) R = 8.58%

+ NiggMnyg (6 wt %)

Structure AuCu-type, s.g. P4/mmm, a = 3.721(3) A, ¢ = 3.538(3) A, d. = 7.73
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TableVIIl. Comparison between the Ni and Mn amounts
measured by EPMA and ND analysis.

LaNiz 75Mny o5 LaNi, 75Mny o5

EPMA ND EPMA ND
Ni 3.80 3.81(7) 429 4.33(6)
Mn 1.23 1.23(7) 0.85 0.81(6)

this dumbbell hypothesis: the measured substitution rate is found to
be in perfect agreement with that calculated. In the case of the Mn-
containing compounds, ND experiments proved that the dumbbells
consist of Mn atoms only. The remaining Mn atoms are distributed
over the various sites in the crystal lattice. The occupation ratio of
Mn atoms is found to be dependent on the degree of nonstoichiom-
etry. The dumbbell hypothesis is also supported by EPMA and den-
sity measurements and confirms the previously reported tunneling
electron microscopy results.2® The distributions between the Ni and
Mn atoms, as obtained by ND and EPMA, are also in good agree-
ment with each other.

The electrochemical experiments revea that the combination of
the degree of nonstoichiometry and the Mn content is decisive in ob-
taining stable electrodes. The cycling stability was found to increase
dramatically for a higher value of x. This improvement is counter-
balanced by the amount of Mn introduced. In the present study an
optimum was found for the nominal LaNi,75Mn; 55 compound.
Optical inspection of the electrodes after cycling revealed that the
powder particles of the electrochemically stable electrodes were
hardly subjected to mechanical cracking. Consequently, it can be
understood that the active electrode surface area in contact with the
electrolyte stays relatively small and that the electrode is less sensi-
tive to oxidation. The unstable electrodes al suffer from a severe
particle size reduction upon hydride-formation/decomposition, lead-
ing to much higher overall oxidation rates.

In line with geometrical considerations, pressure-composition
isotherms revealed that Mn is very effective in reducing the plateau
pressures for both stoichiometric and nonstoichiometric hydride-
forming materials. The plateau pressure for the electrochemically
stable ABg o compound was found to be 0.1 bar at room temperature,
which matches very well with what is desirablein commercial NiMH
batteries. The smaller and more sloping plateau for the nonstoichio-
metric alloy agrees well with the smaller discrete |attice expansion,
explaining the improved mechanical stability of these powders.

Fine-tuning the chemical composition and the degree of nonstoi-
chiometry will probably lead to further improvement of the electro-
chemical cycling stability. In addition, it is very likely that the strat-
egy outlined in this paper also holds for other pressure-lowering ele-
ments besides Mn and also will lead to electrochemically stable,

hydride-forming materials. This would make these Co-free, nonsto-
ichiometric compounds very attractive for application in future gen-
erations of rechargeable NiMH batteries. This holds not only for the
small-size batteries now widely employed in portable electronic
equipment but also, and even more importantly, for the large-scale
batteries to be installed in future types of (hybrid) electric vehicles.
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