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Abstract

LaNi,Mn, has been synthesised from the elements and investigated with respect to crystal structure and hydrogenation properties.
Single crystal X-ray diffraction reveals a YNi Al type structure (space gfegfmmm, a=9.2099(9),c=4.1892(4)°A,c/a=0.4548) that
is distinctly different from the CaCu type structure of LgNi . The compound absorbs reversibly up to six hydrogen atoms per formula
unit near ambient conditions and shows a hydrogen plateau presstik lndr near 60C. The hydrogen atoms in the expanded metal
atom structure were localised by neutron powder diffraction on deuterides of composition LaNi ,Mra59.7125(2),c=4.3057(1) A,
c/a=0.4433) and LaNj Mg R, §=9.8379(2),c=4.3038(1),c/a=0.4375). They occupy one octahedral coordinated sitg [Lg, Mn ]
with full occupancy and three tetrahedral coordinated sites [La Mn ], [La NiMn] and [LaMn Ni], and a deformed square pyramidal
coordinated site [LaMpn Ni ] with partial occupancies.
0 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction relatively poor hydrogen absorbers. The purpose of the
present work was to synthesise a compound of com-
Intermetallic LaNg and its substitution derivatives are position LaNi,Mn , to investigate its crystal structure and
of interest for applications in rechargeable batteries (for a to study its hydrogenation properties. It will be shown that
recent review see Ref. [1]). The manganese substituted the compound crystallises with the expegcted YNi Al type
series LaNj_, M) has been studied in detail in Ref. [2] structure and shows excellent hydrogen storage properties.

and found to crystallise with a partially disordered CaCu

type structure for manganese contentsxG=2.2 (800°C).

For higher manganese contents>(0.2, 600°C) a new 2. Experimental

ternary compound appeared in a phase diagram [3] the

composition of which was stated to be la Mn Ni. A 2.1. Synthesis and hydrogenation properties
ternary compound of composition LaNi Mn and its

hydrogenation properties have so far not been reported. A Samples were obtained by placing compressed powder
recent study of structure maps has shown [4] that this mixtures of the elements (La rod (Johnson Mattey,
composition is outside the stability range of the CaCu 99.99%), Ni and Mn powders (Johnson Mattey, 5N) in an
type structure but inside that of the hexagonal YNi, Al induction furnace and by re-melting them several times in
type structure (also called HoNi Gg type). The latter a silver crucible under argon (6N). The inga$ Were
structure is ordered and closely related to, but significantly then wrapped into Ta foils, placed into quartz ampoules
different from, the CaCy type structure. So far, only that were sealed under 0.3 bar argon pressure, and an-
compounds based on aluminium, gallium and tin were nealed at various temperatures. In spite of negligible
found to crystallise with that structure, and they were melting losse®.1 wt.%) initial attempts to obtain

LaNi,Mn, as a single phase at the stoichiometric com-
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crystallized majority phase that could be attributed to the 194
hexagonal YNi Al type structure (space groBf/mmm, ]
refined cell parametera=9.19089(4),c=4.17861(4) A)
and two Ni(Mn)-rich secondary phases of likely com-
position La (Ni,Mn),, (rhombohedral Th Zy type struc-
ture) and LaNj My (tetragonal CeNi Mn type structure).
On the other hand, the sample which was annealed at
800°C during 24 h contained well crystallized LaNi Mn

14
as a majority phase and traces of orthorhombic LaNi (CrB ] /

H, pressure (bar)

type structure) and possibly some ,Lg O , while the
LaNi,Mn, and La, (Ni,Mn),, phases had disappeared. In
order to avoid the formation of these unwanted phases a
lanthanum excess of up to 5 wt.% (nominal compositon ¢y} ——(—
La, ,,Ni Mn j) was used during the subsequent syntheses 0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0 55 6.0 6.5
and the samples were annealed between 600 and@30 x (H/f.u.)
for up to 11 days (see below). X-ray powder diffraction o . _
é:lg. 2. Pressure-composition isotherm of l,a ,Ni Mn Ta£60°C in

patter.n§ ShOW?d these.samples tFJ be nearly smgle-phas rhicrobalance (composition corrected for 7 wt.% Mn, maximum H content
containing mainly LaNj M (YNi Al; type structure), ¢ g H/fu).
very little Mn(Ni) (~4 wt.%) and some traces of La,O

(<1 wt.%). (see Section 2.2). Other samples (nominal composition
For the hydrogenation (deuteration) experiments various , jLa, NiM0.05 g mass) were placed into a microbal-
alloy samples were powdered in a glove box to an average ance (Hiden Analytical, model IGA001) and hydrogenated
grain size of 63um. One sample~0.5 g mass) was filled at various temperatures (50:€30and pressures (0.01-3
into a Ni container and placed into an autoclave that was bar). As can be seen from Fig. 1 their absorptith at 60
evacuated. The temperature was increased up t&€C80 and 1.5 bar showed good kinetics and led to a maximum
while hydrogen was introduced to a pressure of 2 bar, and hydrogen content of about 6 H atoms per formula unit
the temperature was kept at that level for one night. X-ray (H/f.u). The sample was not activated prior to the mea-
synchrotron patterns indicated that the hydride samples surement. A pressure-composition isothef@ &ir 60
were nearly single-phase but tended to desorb hydrogen the same sample during absorption is presented in Fig. 2. |
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Fig. 1. Mass increaseug) versus time of La,, Nj M in microbalanc&=60°C, 1.5 bars hydrogen pressure, initial sample weight 0.06113 g, total
weight variationAm=287.6 png, maximum hydrogen content 6.03 H/f.u., values corrected for the presence of 7 wt.% Mn impurity.
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shows a rather well-defined plateau-~&t bar that extends remain of the YNi Al type but showed a considerable
to ~6 H atoms per formula unit (H/f.u). The hydride was lattice expansiona=9.8951(3),c=4.3061(1) A AVIV=
found to be stable at ambient temperature under a hydro-18.7%) compared to the alloy. Furthermore, the expansion
gen pressure ok 1 bar, but desorbed rapidly if exposed to was anisotropic as shown by the cell parameter ratios
air. Complete desorption without further oxidation and/or c/a=0.4351 (hydride) and 0.4544 (alloy). Unfortunately,

segregation occurred within 5 days. the partial hydrogen desorption and the resulting sample
inhomogeneity prevented the metal atom substructure from
2.2. Sructure analysis being refined. Subsequently, a deuterated samplé ¢

mass) was prepared by deuteration of three alloy batches of

In order to study the structure of the alloy a single nominal composition La,, Nj Mg in an autoclave (4.5
crystal was isolated from the bulk and measured on anbar, T=65°C, 12 h). Prior to the experiment the alloys
X-ray diffractometer (STOE IPDS) equipped by an image were annealed at 63C for 11 days, finely ground and
plate (Mo Ka radiation). The absence of systematic extinc- sieved (grain size<64 pum). A quantitative X-ray phase
tions confirmed space group6/mmm and yielded the  analysis showed that they contained mainly the LaNi,Mn
refined cell parameters=9.2099(9) andc=4.1892(4) A phase (96 wt.%) and some Mn(Ni) (4 wt.%). After the
A structure refinement (programme Xtal3.7 [5]) was deuteration reaction was completed, the sample (called
performed (on E ) by placing La, Ni and Mn on the Y, Ni was filled into a vanadium container under protective
and Al sites, respectively, of the YNi Al type structure atmosphere (1 bar argon) and measured on the neutron
[6] and by varying one scale factor and 15 atomic powder diffractometer HRPTA=1.494 A) at SINQ (PSlI,
parameters. Results are summarised in Table 1. A refine-Villigen). As expected, the main phase had a strongly
ment of occupancy factors gave no indication for a expanded hexagonabheed.{125(2),c=4.3057(1) A)

possible disorder of Ni and Mn on the three atom sites. and the concentration of the secondary Mn(Ni) phase was
Finally, a phase analysis and structure refinement by using nearly the same as in the starting material. Five deuterium
synchrotron X-ray data was made on a polycrystalline sites in the metal atom substructure of the main phase were
sample that was subsequently subjected to hydrogenation located ab initio by the program FOX [7] and their
studies. The results showed that LaNi Mn was the coordinates refined by the programme Fullprof [8]. The
majority phase (89 wt.%) and Mn(Ni) (6.7 wt.%), LaNi following 32 parameters were allowed to vary: two scale
(1.5 wt.%) and Lg Q (2.7 wt.%) minority phases. Com- factors, five profile and 25 atomic parameters. The patterns
pared to the single crystal results no significant structural are presented in Fig. 3 and the refinement results are
differences were observed for the LgNi Win phase except summarised in Table 2. After completing the experiment,
for slightly smaller cell parametersa{9.20179(7),c= samplel was again placed in an autoclave, deuterated at a
4.18078(4) A) slightly higher temperature and pressiire {5°C, 6 bar,

For the study of the hydride structure a hydrogenated 12 h), and re-measured on the neutron powder diffractome-
sample was first measured by synchrotron radiation. The ter DIAL(9114 A) at ILL (Grenoble). As expected,
metal atom substructure of the majority phase was found to this new sample (dglledntained a more deuterium-
Table 1
Structure refinement results on a single crystal of LaNi;Mn ; e.s.d.s in parentheses
Atoms Site X y z Ue, (A 2) Occupancy
La(1) la 0 0 0 0.0177(3) 1.0
La(2) A 1/3 2/3 1/2 0.0172(2) 1.0
Ni(1) 6l 0.18159(5) 2 0 0.0175(3) 1.0
Mn(1) 6k 0.2985(1) 0 1/2 0.0178(4) 1.0
Mn(2) 3 1/2 0 0 .y 0.0176(5) 1.0

R.. =12.9% Electron density residuald.5el./A
R?=5.3% WR.=2.3% Nieas =246, N o= 146 GoF=1.06
Anisotropic displacement amplitudes
Uy, U, Usgs Uy, Ui uz3

La(1) 2U12 2U12 0.0188(6) 0.0086(2) 0 0
La(2) 2U12 2U12 0.0182(5) 0.0084(1) 0 0
Ni(1) 0.0177(4) 2U12 0.0156(6) 0.0100(2) 0 0
Mn(1) 0.0209(4) 2U12 0.0142(7) 0.0086(2) 0 0
Mn(2) 0.0170(5) 2U12 0.0182(9) 0.0091(3) 0 0

Space grougP6/mmm, a=9.2099(9),c=4.1892(4) A.
“Number of measured reflections.
® Number of unique reflections.
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Fig. 3. Observed (points), calculated (line) and difference (bottom line) neutron diffraction patterns of La  Ni,iMn D  (Spmpiesured on HRPT
(PSI, A=1.494 A) Vertical lines indicate Bragg peak position of the contributing phases,LaNi Mn D (97%) and Mn (3%).

rich main phase, some Mn and traces o Lg O (0.3 Wt.%). V. izais =3Veacus): but differ with respect to their metal

The refinements were performed along similar lines as for atom substructures, in particular that of lanthanum. In fact,
samplel. A total of 30 parameters were refined (three the La positions in JaNj Mn (YNi Al type) can be
scale, seven profile and 20 atomic) while the displacement derived from those ip LaNi Mn {CaCu type) by displac-
parameters of the five deuterium sites were constrained to ing one out of three La atoms alondod & com-

be equal. The patterns are represented in Fig. 4 and the parison between a CaCu type structure apd a YCo Ga
refinement results are summarised in Table 2. Interestingly, type structure which is a substitution variant of the

despite the anisotropic lattice expansion of the main phase  , YNi Al type structure, see Ref. [10]). As a consequence,
(deuterides: c/a=0.4433 (), 0.4375 (l); alloy the Ni and Mn atoms in the vicinity of the displaced La

La, ,,Ni Mn s c/a=0.4543) no significant anisotropic sites are able to relax and create atomic environments that
diffraction line broadening appeared. This contrasts with differ significantly between both structure types. In
the hydrides of LaNi and most of their derivatives that LaNi Mn (CaCu type) the partially disordered Ni/Mn
show strongly broadenedhkQ) reflections [9]. substructure consists of two mixed Ni/Mn sites that have

coordination number CN 12 and shortest bond distances
that are relatively similar for both sites (Ni-Mn(N#)2.56
A Mn(Ni)—Mn(Ni) =2.59 A [2]). In LaNi,Mn; (YNiAl 4

3. Results and discussion type) the ordered Ni/Mn substructure consists of two Mn
sites having CN-12 and one Ni site having CN11, and
3.1. Intermetallic compound the shortest bond distances differ between these sites

(Ni-Mn=2.55 A, Mn-Mn=2.75 (A) as expected from
In contrast to LaNj My that crystallises with a partially atomic size considerati®ns—1.246, R,,,=1.304 A).

disordered CaCu type structure [2] LaNi Mn crystallises Altogether, these structural differences lead to rather
with an ordered YNj A} type structure. Both structures different atomic environments in both hydride structures
are related as far as their hexagonal cell parameters are and thus to different hydrogenation properties (see Sectiot

concerned  dyysa13 :\/3><aCaCu5’ Cyni2aiz™ Ccacus 3.3).
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Table 2
Structure refinement results on polycrystalling L.a ,Ni Mn, D (saniplest line) and La, ,,Ni,Mn D ¢ (samplél,second line); e.s.d.s in parentheses

Phase 1: LaNi Mg D, : space grol®s/mmm, refined phase content97 wt.%,
a=9.7125(2),c=4.3057(1)°A,AV/Va=14.7%
LaNi,Mn D, o space groug’6/mmm, refined phase content93 wt.%,
a=9.8379(2),c=4.3038(1) A, AV/V*=17.7%

Atom Site X y z B (AZ) Occupancy
Lal la 0 0 0 1.15(9) 1.0
0.81(6)
La2 Pos| 1/3 2/3 1/2 1.08(5) 1.0
BLal
Nil 6l 0.1841(2) X 0 1.78(3) 1.0
0.1847(3) 1.95(5)
Mn1 6k 0.2899(5) 0 1/2 1.95(8) 1.0
0.2856(7) 20 (1)
Mn2 3 1/2 0 0 1.7 (1) 1.0
1.2 (1)
D1 6m 0.072(1) X 0.5 2.4 (2) 0.227(5)
0.068(1) 3.04 (8) 0.288 (7)
D2 3y 0.5 0 0.5 2.38(9) 0.987(7)
By, 1.00 (1)
D3 6 0.7440(6) 0 0 2.9 (1) 0.538(7)
0.7458(6) B,, 0.68 (1)
D4 12 0.8003(6) X 0.630(2) 2.1 (2) 0.164(3)
0.7981(5) 0.643(2) By, 0.246 (6)
D5 12 0.5415(5) 0.3346(6) 0.0 2.00 (8) 0.351(3)
0.4596(6) 0.6675(7) 0.0 By, 0.413 (6)
Rerage=8-49% N,.f =205, 32 variables
5.65% _ 109 31
Phase 2: Mnd-Mn type structure), space groug3m, a=8.9474() A
(refined phase content3 (7) wt.%)
Reragg= 24.2% N®° =110
18.7% 57
R,=16.8% R,p=14.4% Chf=7.91
13.8 12.3 571

“Relative volume increase during deuteration.
® Number of reflections.

3.2. Deuterides D-D distances (Table 4) and D site occupancies are
consistent with repulsive D—D interaction (D=£2.1 A).
As expected, the main phase in samplée As can be seen from the radii of the various metal atom
(LaNi,Mn,D, o) contains less deuterium than in sample interstices (se&;, in Table 4) they are all bigger than 0.4

(LaNi,Mn,D. ), and the refined deuterium contents A, in agreement with Westlake’s model [12]. Thus, from a
(4.58(6) and 5.57(9) D/f.u., respectively) are slightly purely geometric point of view the maximum deuterium
inferior than, but consistent with those measured for the content possible in this series of compounds is 8 D/f.u.

hydride samples on the microbalance6( H/f.u). As
shown in Fig. 5 deuterium occupies five different inter- 3.3. Hydrogenation properties
stices, one octahedral coordinated site [La ,Mn ] with full

occupancy, and three tetrahedral coordinated sites JaNj Mn absorbs reversibly up to 5.6 H/f.u. near
[La,Mn,], [La,NiMn] and [LaMn,Ni], and a deformed ambient conditions (€). Thus its maximum hydrogen
square pyramidal coordinated site [LaMn Ni ] with partial capacity exceeds that of the end member of the

occupancies. The shapes of these interstices differ sig- aNi , Mn (CaCu type) serieg (LgNi Mn : 4.8 H/f.u. at
nificantly from those occupied in CaQu type hydrides °6(02]) and those of other systems showing a structural
ABH, that have tetrahedral ([A B ], [AB ], [B]) and change from CaCu type to YNi,Al type structure such as
octahedral ([A B ]) but no square-pyramidal metal coordi- neodymium-based NdNj, Al (CaCu xyie5,1,1.5;
nations. The metal—-deuterium bond distances (Table 3) are  , YNi Al tyxpe1.89-2.97; maximum H content 1.4

in the usual range for intermetallic hydrides [11], and the H/f.u.xa&t1.89 under 50 bar at 2T, activated at
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Fig. 4. Observeq (points), calculated (line) and difference (bottom line) neutron diffraction pattern gf La  NiJMn D
(ILL, A=1.9114 A). Vertical lines indicate Bragg peak position of the contributing phases,LaNi Mn D

300°C [13]), or gadolinium-based GdNi Al (1.2H/f.u, 50
bar at 20°C, activated at 300C) [14]) and GdNj_, Ga
(x=2.5: no significant hydrogen absorption up to 427
and 200 bar [15]x=2-3: inert up to 100 bar and 40C
[16]). As to the hydrogen plateaus, that of LgNi Mn~1(

Fig. 5. Metal coordinations of deuterium sites in hexagonal LaNi,Mn D

(x=4.6, 5.6). For clarity, only one representative of each site is drawn.
Site symmetries: D1, mm2; D2, mmm; D3, m2m; D4, .m.; D5, m.; large
atoms, La; small dark grey atoms, Ni; medium light grey atoms, Mn1;
medium dark grey atoms, Mn .

90

— T T 1T T T 1 T 1
100 110 120 130 140 150 160

(s&mpleasured on D1A
(92.5%), Mn (3%) and La O (0.5%).

bar at ®) is relatively well developed and in a more

useful pressure range than that of LaNi, Mril0{® bar at
60°C [2]). On the other hand, in the aluminium substituted
series NdNj_, A| compositions within the Cagu type
structure domain (i.e., at low Al contentss@=1.5) show
relatively wide plateaus that decrease with aluminium
content, while compositions within the YNi Al type
structure domain (i.e., at high Al contents 189=2.97)
show no plateaus and small capacities (NgNi , Al : 1.1
H/f.u. [13]). Finally, the kinetics of LaNi Mg is rela-
tively slow at the beginning of the hydrogenation reaction
but becomes rather fast once the reaction has started (see
insert of Fig. 1), which indicates that it can be improved
by activation. The calculated hydrogen densities of
LaNi,MnH are 1.42 wt.% and 82.5 g H 't

4. Conclusions

LaNi,Mn, is a new intermetallic compound the struc-
ture and hydrogenation properties of which are distinctly
different from those of LaNj Mg having similar com-
position. The relatively abrupt changes of hydrogenation
properties as a function of composition are attributed to the
structural differences between the alloys that lead to
different hydrogen environments and thus different metal—
hydrogen interactions in the hydrides. The compound has
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Table 3
Metal coordinations, coordination numbers (CN), and interatomic distnces in, LaNi Mn D ,LaNi Mn D and,LaNi Mn ; e.s.d.s in parentheses
Central CN Coordinated LalNi Mn P, LaNi Mp D, LaNi Mg
atoms a=9.7125(2) A a=9.8379(2) A a=9.2099(9) A
c=4.3057(1) A c=4.3038(1) A c=4.1892(4) A
distances gistances . distances
(A) (A) (A)
Lal (1a) 18 12Mn1 3.544(4) 3.540(5) 3.456(1)
6Nil1 3.097(2) 3.147(3) 2.897(1)
La2 (Ad) 18 6Mn1 3.467(3) 3.538(6) 3.242(1)
6Ni1 3.307(1) 3.323(2) 3.201(1)
6Mn2 3.5347(1) 3.5629(1) 3.3844(2)
Mn1 (6k) 12 2 Mn1l 2.816(5) 2.810(5) 2.749(2)
4 Nil 2.655(1) 2.667(2) 2.558(1)
2 Mn2 2.966(3) 3.013(5) 2.798(1)
2 La2 3.467(3) 3.537(4) 3.242(1)
2 Lal 3.544(4) 3.539(6) 3.456(1)
Nil (6l) 11 4 Mn1 2.655(1) 2.667(4) 2.558(1)
2 Mn2 2.669(2) 2.700(3) 2.548(1)
1Lal 3.097(2) 3.147(3) 2.897(1)
2 La2 3.307(1) 3.324(2) 3.201(1)
2 Nil1 3.097(2) 3.147(4) 2.897(1)
Mn2 (3f) 12 4 Mnl 2.966(3) 3.013(5) 2.798(1)
4 Nil 2.669(2) 2.700(3) 2.548(1)
4 La2 3.5347(1) 3.5629(1) 3.384(1)
D1 (6m) 4 2Lal 2.470(4) 2.442(6)
2Mnl 1.871(9) 1.90(2)
D2 (3g) 6 2La2 2.803(3) 2.841(1)
2Mn1 2.037(4) 2.109(6)
2Mn2 2.153(1) 2.152(1)
D3 (6) 5 1Lal 2.486(6) 2.501(6)
2Mnl 2.178(1) 2.174(1)
2Nil1 1.561(2) 1.590(3)
D4 (120) 4 1La2 2.316(5) 2.322(5)
2Mnl 1.772(6) 1.835(5)
1INi1 1.616(9) 1.563(8)
D5 (12p) 4 2La2 2.476(2) 2.483(3)
1Mn2 1.841(5) 1.878(6)
1Ni1 1.584(5) 1.581(6)
2D-Ni(Mn) cut-off distance<2.7(2.4) A.
Table 4
Shortest distances between D atom sites and interstitial holeRjzg {(n LaNi,Mn D, ;and LaNi,Mn D, e.s.d.s in parentheses
Atom (site) LaNi, Mn, D, 4 LaNi, Mn, D, 4
Neighbours Distances Raie (A) Neighbours Distances Rl (A)
(A) (A)
D1 (6m) 2 D1 1.21(1) 0.58 2D1 1.15(2) 0.58
2D1 2.10(1) 2 D1 2.00(2)
D2 (3g) 8 D4 2.632(5) 0.74 8 D4 2.665(5) 0.81
D3 (6) 4 D4 2.353(7) 0.36 4 D4 2.355(7) 0.39
D4 (120) 1D4 1.12(1) 0.44 1 D4 1.23(1) 0.46
2 D5 2.02(1)
D5 (12p) 1 D5 1.20(2) 0.54 1D5 1.23(2) 0.55
1 D5 1.24(2) 1 D5 1.25(1)
1D4 2.02(1)

? Calculated from atomic radiR ,=1.877 A, Ry,=1.304 A, R =1.246 ‘A [17] within the hard sphere approximation.
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relatively good hydrogen storage efficiencies and fast [4] L. Guériee, PhD Thesis No. 3341, University of Geneva (2002).

kinetics and thus is useful for hydrogen storage applica- [®! ;z'te:a'bnit\)l;sig“OfB\‘l’\;Je'zz’émRAugt':glfi’;"'(';‘ggg‘;‘mp' Eds. Xtal3.7
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the structural stability of intermetallic compounds for the Structure Types For Intermetallic Phases, ASM International, Ma-

search of new hydrogen storage materials. terials Park, OH 44073, 1991.
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