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The crystal structure and hydrogenation properties of the intermetallic boride LaNisB were investigated. The hydrogen-
free compound has a novel structure with orthorhombic symmetry, space group /mma, a = 4.9698(8) A, b =
7.1337(8) A, ¢ =8.3001(9) A, and V = 294.26(7) A%. Thermal gravimetrical analysis reveals a hydride phase that
forms near ambient conditions within the compositional range LaNisBH,s5-30. Single-crystal X-ray diffraction on
both the alloy and the hydride, using the same crystal, shows an expansion in the a—c plane (by up to ~8%) and
a contraction along b (by ~3%), while the symmetry changes from Imma to Bmmb (Cmcm) and the unit cell
doubles along a and b. The cell parameters for the composition of LaNisBD, 734 are a = 10.7709(7) A b=
16.0852(10) A, ¢ = 7.6365(5) A, v = 1323.03(15) A3, and space group Cmem. Four nearly fully occupied interstitial
hydrogen sites were located by neutron powder diffraction on deuterides and found to have tetrahedral, La;Ni,
(D1,D2), trigonal-prismatic, LasNis (D3), and trigonal-bipyramidal, La,Niz (D4), metal environments. The structure
can also be described in terms of alternating quasi two-dimensional [NiD]~ slabs (Ni-D = 1.62-1.97 A) and La—B
sheets for which bond-valence sums suggest the limiting formula La®*BO[NisDs]*~. The La-B planes do not
accommodate deuterium; the B-D and D-D interactions appear to be repulsive. The shortest B-D and D-D
contacts are 2.52(2) and 2.33(2) A, respectively.

Introduction pressed magnetd. Hydrogenation behavior and crystal
structures were reported, but the positions of the hydrogen
Only a few intermetallic borides have been studied with a10m were not determined. A third group of borides, with a
respect to hydrogen sorption properties. Most studies aregggichiometric composition of RjB (R = wide range of rare
aimed at improving the magnetic or microstructural proper- g4rth elements, E Fe, Co, Ni), was hydrogenated either
ties of the parent ternary borides rather than investigating by a solid-gas reactiohor by soaking in NaBhisolution®
the crystal chemistry and sorption properties of the corre- \whjje the cobalt systems displayed at least three distinct
sponding hydrides. Historically, the first and only boride hydride phases, RGBH, (x < 4.5), at room temperature
series for which hydrogen (deuterium) atom positions have and in the pressure range of-00 bar, the nickel systems

been localized by neutron diffraction is tetragonaF&s- absorbed only 1.5 hydrogen atoms per formula unit (f.u.)
_ 1.2 . . . .

BDx (x =< 3.7, R=1, Ce, Er):* Hydrogen was found t0 4o such conditions. Finally, detailed thermodynamic,

partially occupy tetrahedra_l metal interstices ar_ld ha_d no X-ray diffraction, and NMR studies on the nickel system

boron atoms as nearest neighbors. Another family of inter- LaNisB—H57 were aimed at gaining further insight into the

metallic borides, BeBs (R = rare earth), was investigated

with respect to the hydrogenation-assisted homogenization (3) Yartys, V. A Wiesinger. G.; Harris, 1. RI. Alloys Compd1997

of alloys that are potentially useful for the production of hot- 252,°201-208.

(4) Yartys, V. A.; Denys, R. V.; Gutfleisch, O.; Bulyk, I. I.; Kuzma, Y.
B.; Harris, |. R.Int. J. Hydrogen Energy999 24, 189-194.
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Novel Metal Hydride LaNgBHy

mechanism of hydrogen diffusion in the well-known hydro-
gen storage compound LaNiThe results suggested that 71 T
hydrogen occupies sites coordinated by lanthanum and nickel . ]
only, while the basal LaB planes act as barriers to hydrogen
diffusion along the hexagonal axis. A mechanism and
activation limiting steps for hydrogen diffusion in LaNiy
were suggested exploiting this “blocking” action of boron.
The occupancies of the suggested hydrogen sites, however,
were not ascertained by independent methods.

In light of the above results, one might expect that boron .
has an adverse effect on the hydrogen sorption properties of £ 3 /
intermetallic compounds because it acts as a barrier for /
hydrogen diffusion and favors localization of the hydrogen
atoms in the metal matrix away from the boron atom sites. 00 01 02 03 04 05 06 07 08
Structural and hydrogenation studies of borides with low Weight increase, %
boron contents are desirable for the investigation of this rigre 1. pressurecomposition isotherm of LaMBHy at 20 °C; the
possibility. Here, we report on the synthesis, crystal structure, maximum hydrogen content was 2.4 H/f.u. on the first cycle of hydrogen
and hydrogenation properties of the ternary boride LBNi  absorption.

A phase of that composition was reported some thirty years . . .

w (o2}
1 1
\\.

Hydrogen pressure, bar
T

ago by Ukrainian scientistshut its crystal structure was not
determined. Here, it will be shown that the boride has a novel
structure and reacts with hydrogen near ambient conditions
to produce a hydride with the composition LaBIHy (2.5

< x < 3.0) in which hydrogen almost fully occupies the
interstices not coordinated by boron atoms.

Experimental Section

Synthesis and Hydrogen Sorption PropertiesTwo samples
with nominal composition LaNB, one weighing~3 g and the other
~6 g, were prepared by arc melting lanthanum ingots (99.99%)
and powder mixtures of nickel (99.9%) and boron (99.7% all from
Alfa) under an argon atmosphere. The alloys were remelted three
times resulting in a weight loss 6f0.1%. Laboratory X-ray powder  rigure 2. x1/4z section of the difference Fourier map for LaBicalculated
diffraction (XRD) on the as-cast ingots revealed the presence of from the single-crystal XRD data and the coordinates of La and Ni atoms.
two well-crystallized boride phases, INisB, and LaNiB, with
minor binary impurities. After the ingots were annealed at 800  experiments, mounted on a glass fiber, and measured on a Stoe
in quartz tubes under 0.25 bar of argon for one month and IPDS Il diffractometer equipped with an image plate detector and
subsequently quenched with cold water, these phases had transMo X-ray tube; 110 oscillation images with a°lincrement were
formed into a new boride phase, identified later as LBNivith collected at 20(1yC with 5 and 1 min exposure times for each
more than 90% abundance foetB g sample and 6680% for the image (crystal to detector distance 40 mm). The data were corrected
6 g sample. During the annealing process, the samples were infor the Lorentz factor and polarization effects, and they were also
contact with the walls of the quartz tube. The alloy samples were corrected numerically for absorption (8 faces for a trigonal
activated using one hydrogen (deuterium) absorption/desorption prismatic-like crystaly = 9.1 x 10~ mm?, u = 32.8 mnm?, T max
cycle at 100 bar/3« 10-2 mbar of pressure for 1 day at 2@, and = 0.249, 0.411). Cell parameters were obtained by a least-squares
then they were charged with hydrogen (4N, Carbagas) or deuteriumrefinement of 5688 reflection angles in the range %&6 < 76.7.
(99.4%, AGA) in an autoclave at room temperature and 100 bar of No variation of the average intensity was observed during the
pressure for 2 days. The reaction product was a fine black powder measurement. A small randomly twinned domain (less that 2% of
that could be handled in air without detectable oxide formation the total scattering power) was identified and sorted out during the
during the subsequent diffraction experiments. A thermogravimetri- intensity integration procedure. No warnings for twinning or
cal analysis (TGA) of hydrogen absorption was performed at room Superstructure were observed thereafter. The systematic extinctions
temperature on a Hiden Analytical Intelligent Gravimetric Analyzer indicated space groufmma The metal atom substructure (1 La
with 50 mg of a finely ground fraction of the annealed alloy (3 g and 2 Ni sites) was solved by direct methddsyd the subsequent
sample), containing 92% of the main phase. The applied hydrogendifference Fourier synthesis revealed two electron density peaks
pressure varied from 18 to 7 bar at room temperature and 100 (labeled B and X in Figure 2). The least-squares refinement of peaks
°C. The absorption kinetics on the first cycle of hydrogenation were B and X suggested a scattering power corresponding to 100% and
fairly slow as can be seen from the presstzemposition isotherm  79(4)%, respectively, of boron. However, as will be shown below
recorded during the first 48 h (Figure 1). the origin of the X peak is unlikely to be boron. A full least-squares

Single-Crystal X-ray Diffraction. A single crystal was extracted  refinement orF? up to 65.6 for 20 was performed on positional
from the 3 g LaNiB alloy used for the TGA and desorption

(9) Sheldrick, G. M.SHELXS97 and SHELXL97. Programs for the
(8) Kuzma, Yu. B.; Bilonizhko, N. S.; Nimkovich, E. MDopov. Akad. solution and refinement of crystal structurddniversity of Gatin-
Nauk Ukr. RSR, Ser. A973 35, 939-941. gen: Gitingen, Germany, 1997.
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Table 1. Single-Crystal Data and Details of Data Collection and Structure Refinement fogRaXd LaNgBH 2.7

empirical formula LaNiB LaNisBH-~27
fw 325.85 (X not included) 325.85 (H atoms not included)
cryst syst, space group orthorhombdimma orthorhombicCmcm
a(h) 4.9698(8) 10.769(2)
b (A) 7.1337(8) 16.164(3)
c(A) 8.3001(9) 7.6414(12)
V (R3) 294.26(7) 1330.2(4)
Z, D¢ (grem™3) 4,7.355 16, 6.508
F(000) 584 2336
index ranges —7<h=<6 —12<h=<12
—10=<k=9 —-17=<k=19
—11=<1=<12 —-9=<1x<8
20max (deg)/completeness (%) 65.6/95.4 50/96.2
Rind/ Ry 0.0304/0.0127 0.1154/0.0654
reflns collected/unique 2112/322 3787/667
data/restraints/parameters 322/0/19 667/0/51
final Rindices | > 20(1)] R, = 0.0247 R, = 0.0684
R, =0.0543 R, = 0.1600
Rindices (all data) R; = 0.0250 R; = 0.0868
R, = 0.0545 R, =0.1673
GOF onF? 1.153 1.148
extinction coefficient 0.0083(7) -
(A1O)max 0.000 0.000
largest diff. peak and hole (e7A) 3.2(3) and—2.1(3) 2.5(4) and-1.7(4)

Table 2. Atomic Coordinates and Thermal Parameters in lgBNind

and thermal parameters for all of the atoms (anisotropic for La and LaNisBH-» » from the Single-Crystal Data

Ni) using SHELXL-97? Reduced cell calculations and noncrys-

tallographic symmetry checks (PLATON206Bdid not indicate LaNizB (Imm3g
higher lattice symmetry or missing symmetry elements. Trial atom Wyckoffsite x y z Wegiso(A?)
refinements in the noncentrosymmetric space grol2msa Im2a, La e 0 14 0.56990(6) 0.01244(18)
andImm2, yielded inferior results. Nil 89 1/4 0.07336(10) 1/4 0.0082(2)
_After data coIIection,_ the _aIon crystal was removed frqm the guz ig 8 (1),4 8‘1292(12) 069&%33(%5)
diffractometer and, while still on the glass fiber, placed into an xa 4e 0 1/4 0.8554(15) 0.0130(15)
autoclave, vacuum pumped, and hydrogenated 4C€58nd 30 bar LaNisBHa - (C
for 2 days. Microscopic examination showed that the crystal had : aNisBHz7 (Cmem -
cracked upon hydrogenation, but a fraction -0#0% was still atom Wyckoff site X y z Ugiso(A?)
present on the glass fiber; 180 oscillation images with a 1 taé gg 8-27772(17) 0042575515;‘&5) 1%'4 00603%04%3)
; ; ; ; a . .
|ncr¢ment were collected at 20(‘1(_)? with a 10 min exposure time La3 & 0 0.97140(15) 1/4 0.0275(7)
per image (crystal to detector distance 120 mm). The data were Nj1 16h 0.1185(2)  0.13021(16) 0.0847(4) 0.0264(7)
numerically corrected for absorption (7 faces for a wedge-like “Ig éfﬁh 8-3682(2) 00-21614619(%17) 00(-)%85%5(3((;)1) 006(;%%?%))
= 5 = 1 ) = [ . . .
crystal,V = 3.3><_ 105 mmd, u = 2_9.0 mntl, Tm.n,m_ax 0.326, Nia 8e 0.2338(3) 0 0 0.0306(10)
0.641). While their symmetry remained orthorhombic, they showed g1 8y 0.237(3) 0.073(2) 1/4 0.027(7)
a new C-centered supercell four times bigger than that of the alloy B2 4c 0 0.192(3) 1/4 0.033(11)
structure and a volume increase of about 13% (see Table 1). A B3 4 0 0.661(4) 1/a 0.037(12)

comparison with the neutron powder diffraction data (see below)  2A peak of the residual electron density was modeled by a position X,
collected on a sample with a similar volume increase suggested 79(4)% occupied by boron atoms.

that the hydrogen content was?2.7 H/f.u. During data collection

(35 h), the cell volume decreased smoothly-+§.6% suggesting ~ Crystal data and the details of data collectioand structure
some hydrogen desorption; this was accounted for during intensity refinement are given in Table 1. The relatively highfactors are
integration. Two randomly twinned domains of comparable scat- @ consequence of the small size of the hydride crystal and are close
tering power were identified. Only about 5% of the reflections were t0 the ratioR/R, which describes the intrinsic quality of the data.
overlapped and therefore neglected during intensity integration. The The atomic positions for LaNB and LaNtBH, 7, as standardized
data set for one of the domains was used afterward. Cell parametervith the STRUCTURE TIDY progrant, are listed in Table 2, and
were obtained by a least-squares refinement of 3403 reflection interatomic distances are given in Table 3.

angles in the range £4.6< 20 < 54.C°. The systematic extinctions Analysis of Electron Density by the Maximum-Entropy
indicated space groupmcm The metal atom substructure (3 La Method (MEM). In light of the importance of residual electron
and 4 Ni sites) was solved by direct methods. Three boron atomsdensity features in the crystal investigated, we performed an
were clearly localized from a difference Fourier map as&® additional MEM analysis. This model-free image reconstruction
e/A3 peaks. The next highest residual electron density peak of 2.3 method® is capable of providing reliable results as shown, for
e/A® was found~0.9 A from the La atom and is presumably the example, during the study of partially occupied oxygen sites in Hg-
result of series termination effects, anharmonicity effects, or both. based high-F superconductoté and the identification of tiny
Interestingly, no significant electron density was found to occur disorders in intermetallic compoun&s.The electron density

on site X unlike that found in the alloy. Structure refinement and

validation were performed in the same manner as for the alloy. (11) X-RED and X-Area Softwar&toe & Cie: Darmstadt, Germany, 2003.

(12) Gelato, L. M.; PartheE. J. Appl. Crystallogr.1987 20, 139-143.

(13) Gilmore, C. JActa Crystallogr. A1996 561-589.

(10) Spek, A. L.PLATON. A Multipurpose Crystallographic TodUni- (14) Papoular, R. J.; Collin, G.; Colson, D.; Viallet, XIP Conf. Proc.
versity of Utrecht: Utrecht, The Netherlands, 2003. 2002 617, 204-226.
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Table 3. Interatomic Distances (A) in LabB and LaNyBH- 7 from
Single-Crystal XRB

LaNi B LaNiBH_,
La-4Nil 3.0165(7) Lal-8Ni 3.012(3)-3.254(3)
La-4Ni2 3.1132(4) Lal-2B 3.03(4)-3.28(2)
La-4Nil 3.1909(7) La2-8Ni 3.174(3)-3.220(4)
La-2B 2.984(6) La3-12Ni  3.133(3)-3.297(3)
La3-2B1 3.04(3)
Nil-2La 3.0165(7) Nil-5La 3.133(3)-3.297(3)
Nil-2La 3.1909(7) Nil-5Ni 2.526(4)-2.698(3)
Nil-2Ni2  2.4745(3) Nil-2B 2.02(3)-2.06(2)
Nil-2Nil  2.4849(4) Ni2-3La 3.012(3)-3.220(4)
Nil-Nil 2.5202(15)  |Ni2-5Ni 2.464(4)-2.839(3)
Nil-2B 2.034(5) Ni2-2B 2.00(3)-2.01(2)
Ni2-4La 3.1132(4) Ni32Lal  3.254(3)
Ni2-4Nil  2.4745(3) Ni3-4Ni 2.546(4)-2.552(4)
Ni2-2B 2.081(5) Ni3-2B 2.07(3)-2.43(3)
Ni4-3La3  3.194(3)
Nid-4Ni 2.475(3)-2.528(3)
Nid-2B 2.246(17)
B-2La 2.984(6) Bl-La3 3.04(3)
B-4Nil 2.034(5) B1-2Ni2 2.00(3)
B-2Ni2 2.081(5) B1-2Nil 2.02(3)
B1-2Ni4 2.246(17)
B2-4Nil 2.06(2)
B2-2Ni3 2.07(3)
B3-2Lal 3.03(4)
B3-4Ni2 2.01(2)
B3-2Ni3 2.43(3)
X-2Ni2 2.150(7)
X-La 2.370(13)
X-2La 2.561(3)
X-4Ni2 2.762(4)

a Coordination spheres are limited to 3.3 A for La and Ni atoms and to
3.1 A for B atoms.

distribution in the LaN4B crystal was calculated by the BayMEM
progran® using the experimental structure amplitudég,s from

the single-crystal experiment corrected for anomalous scattering.
The phases of the reflections were taken from the computed
structure factors of two models, one excluding and the other

(15) Cargnoni, F.; Nishibori, E.; Rabiller, P.; Bertini, L.; Snyder, G. J.;
Christensen, M.; Gatti, C.; Iversen, B. Bhem—Eur. J. 2004 10,
3861-3870.

(16) van Smaalen, S.; Palatinus, L.; SchneiderAbta Crystallogr. A2003
59, 459-469.

Table 4. Integrated Properties of Bader Topological Atékis the
MEM Density of LaNgB with and without Electron Density Peak X
Included in the Prior Electron Density

atom atomic volume (& electronic population (@
La 21.76/22.18 54.50/55.23
Nil 13.90/13.34 28.27/27.63
Ni2 12.91/11.42 27.83/27.28

B 7.55/7.56 5.07/4.95

X 4.21/6.18 2.24/3.38

including the X peak with a scattering power corresponding to a
boron atom. The standard uncertaintied;.9, used to define the
end of the MEM iterations were derived from the experimentally
observed variance of symmetry equivalent reflections. The expected
number of electrons per unit cell was fixed at 584, corresponding
to four LaNgB f.u./cell. The MEM calculations used the electron
densities from the two models as prior electron densities. A perfectly
clear map (not shown here) without spurious peaks was obtained;
it confirms that the previously identified electron density maximum
at the X position corresponds to the scattering power of @8/

of boron. A summary of the MEM results is given in Table 4.
Although a noise-free MEM map with a clear X peak is a proof
that electron density is localized in this position, the integrated
electronic populations should be interpreted only qualitatively. The
true electron populations are presumably within the limits of the
two models whose spread represents the experimental uncertainty.

Synchrotron Powder Diffraction. Both the alloy and hydride
structures were studied by high-resolution synchrotron powder
diffraction to confirm the absence of possibly overlooked super-
structure peaks. The alloy sample used for the single-crystal and
TGA experiments and the hydride sample obtained during the TGA
experiment were put into thin-walled glass capillaries with a
diameter of 0.3 mm and measured with Debgzherrer geometry
on the SwissNorwegian beam line (BM1) at ESRF (Grenoble,
France). Six Si(111) analyzers were used to record the diffraction
pattern al = 0.500 A in the 2 range 3.6-45.5 (dmin = 0.68 A)
with a step size of 0.004for the alloy and in the  range 3.6-

38.% (dmin = 0.79 A) with a step size of 0.0050r the hydride.
Each diffraction pattern was recorded in approximately 4 h.
Structure refinement was carried out with the FULLPROF SUITE
starting with the atomic coordinates derived from the single-crystal
XRD experiment. An absorption correction was applied by assum-
ing ur = 1.

For the alloy sample, the following 38 parameters were refined:
18 3 scale factors, 9 cell parameters for the three identified phases
(91.5(3)% LaNiB, 4.65(8)% LaNisB,, and 3.83(6)% LaNB), and
26 parameters for the phase of interest (L&)l of which there
are 6 profile and 3 microstrain parameters (accounting for aniso-
tropic line broadening), 4 positional and 12 thermal parameters
(anisotropic for La and Ni atoms), and 1 occupancy parameter for
the X position. The latter was modeled by an atom scattering power
of 68(2)% of boron. The diffraction pattern is presented in Figure
3. Atom coordinates (listed in the Supporting Information) are equal
within eight standard uncertainties to those found from the single-
crystal XRD experiment; the difference in atomic positions is 0.007
A for La, 0.002 A for Ni, and 0.02 A for B and X. It is highly

(17) Rodriguez-Carvajal, FULLPROF SUITE LLB Sacley & LCSIM:
Rennes, France, 2003.

(18) Phase 1: LaNB, 91.5(3)%,Jmma a = 4.97675(3) Ab = 7.14917-
(4) A, c = 8.30753(6) AV = 295.579(3) R Rs = 0.0281,R- =
0.0311y2 = 2.45,R, = 0.0632 Ry, = 0.0808, number of independent
reflections= 944, number of effective reflections (accounting resolu-
tion) = 235. Phase 2: LAlisBa, 4.65(8)%. Phase 3: LahB, 3.83-
(6)%.
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i I | the experiment and containeeB0% of the main phase. To reduce
the severe absorption of the neutron flux by the natural boron
isotope mixture, we used double-walled vanadium cylinders-(30
40 mm in length and 8 mm external/6 mm internal diameter for
the first sample and 9 mm external/5 mm internal diameter for the
second sample, both sealed by an indium wire). Diffraction patterns
were collected on the high-resolution powder diffractometer HRPT
at SINQ (PSI, Villigen, Switzerland) in high-intensity mode=£

12000 =

Intensity, a.u.

w00 =

3000 =

i 1.494 A, @ range 4164, dmin = 0.75 A, step size 0°] data
I collection time~13 h for each sample). The precise values of
i T o ol e A g wavelengths were determined from the measurements of a standard
il = Tl ] i , i , j i silicon sample. Structure refinement was carried out with the
= s sl oo FULLPROF SUITE program packadfestarting with metal atom
Figure 3. Observed (points), calculated (line), and difference (bottom line) paramgters derived from the SIngIQ-CryStaI XRD experlmgnt. FO[_”
synchrotron diffraction patterns for the LafBialloy; 1 = 0.50014(1) A. deuterium atoms were located on difference nuclear density Fourier
Vertical bars indicate the Bragg positions of the contributing phifses. maps (D1-D4). There was no indication of a significant scattering
density at the X site as was found in the single-crystal experiment
5200
36000 F on the alloy.

4200

The following 57 parameters were refined for each sarffpié:
3 scale factors, 1 zero shift, 9 cell parameters for the three identified
phases (LaNBDy, La;NisB4Dy, LaNisBDy), 2 structural parameters
for secondary phases (NdisB,D,, LaNi,BDy) and the phase of
interest (LaNiBDy), 5 profile and 3 microstrain parameters to model
anisotropic line broadening (orthorhombic strain model no.*10),
26 positional parameters, 4 overall isotropic thermal parameters
(La, Ni, B, D), and 4 occupancy factors for the D sites. The

3200

Intensity, a.u.
T

2200

1200 gt 1

- 11 110 0001 1 g A p———r—— absorption correction was applied using experimentally determined
o T attenuation coefficients:{ = 0.40 and 0.83 for the first and second
om0 — -ttt L et : : : - samples, respectively). The refined deuterium occupancies suggest
: 7 " ' " # 7 " 26, deg, slightly different compositions, LaMBD; s1s)and LaNgBD2 73(4)
Figure 4. Observed (points), calculated (line), and difference (bottom line) for the flrst_and sec_ond samples, respectlvely. This _d'fference
synchrotron diffraction patterns for the Laf8H-.25 hydride;A = 0.50014- correlates with the unit cell volumes and is consistent with the fact

(1) A. Vertical bars indicate the Bragg positions of the contributing phtses.  that the second sample was prepared closer to the NPD experiment
than the first one and thus had less time to desorb. Atom coordinates

satisfactory that the shape and orientation of the anisotropic thermalfor both samples are listed in Table 5, and selected interatomic

displacement ellipsoids remained nearly unchanged. No superstrucdistances are given in Table 6. The diffraction pattern for the first,

ture peaks were detected in the difference pattern. 90% pure, sample is presented in Figure 5.

For the hydride sample the following 51 parameters were refined: ) )

19 3 scale factors, 9 cell parameters for the three identified phasesResults and Discussion

(90.0(5)% LaNiBH.2.5, 6.4(3)% LaNisBaH.» and 3.6(2)% LaNy Structure of LaNisB. In contrast to the known borides

BH-.; 5), 9 structural and profile parameters for the secondary phasesWith the composition R3B (R = rare earth element, &

(LagNisB4H-, and LaNyBH-15), and 30 for the phase of interest .. . . . .
(LaNi;BH-» ), of which there are 8 profile and 3 microstrain transition metal) that crystallize with cubic perovskite-type

parameters (accounting for anisotropic line broadening) and 17 Structures, such as RERI*? or tetragonal deformation
positional and 2 overall isotropic thermal parameters (for the La derivatives, such as CeB{* LaNisB crystallizes with an

and Ni and B atoms, respectively). The diffraction pattern is Orthorhombic structure that can be considered a novel defect
presented in Figure 4. The superstructure peaks are consistent wittvariant of the hexagonal CegRy-type structure (for a review

the cell data and space group derived from the single-crystal XRD on deformation variants of that structure type see ref 24).
experiment. Atom coordinates (listed in the Supporting Information)
for La and Ni are equal within a few standard uncertainties to those (20) Phase 1: LaNBD2sisy 90(1)%,Cmcm a = 10.7155(10) Ab =

found from the single-crystal XRD experiment. In contrast to that ES-15%8(§%)2A§ = 7?;661134R£,?) A'(\)/ o é231%33(18)0§.023 = 0-%442,]c
. . =0. 72 = 3.61,R, = 0. ,Rwp = 0. , number o
fourld in the alloy, no significant electron density appeared on the independent reflections= 1405, number of effective reflections
X site. (accounting resolutiony 187. Phase 2: L&lisBsD-5, 6.2(4)%. Phase
Neutron Powder Diffraction (NPD). The alloy samples were 3: LaNiBD-15 3.8(3)%.
deuterated at 25C und 100b( f )o yl 22 (21) Phase 1: LaNBD 73wy 83(1)%,Cmcm a = 10.7709(7) A b =
euterated a under ar of ) One sample{2.5 g) was 16.0852(10) Ac = 7.6365(5) AV = 1323.03(15) A, Rs = 0.0468,
prepared 4 months before the NPD experiment and contaifégo Re = 0.0291,%2 = 4.90,R, = 0.0195,Ryp = 0.0251, number of
of the main phase, and the otherf g) was prepared 1 day before independent reflections= 1452, number of effective reflections

(accounting resolutiony 220. Phase 2: LalisB4D~, 8.0(4)%. Phase
3. LaNisBD~1 5 8.6(3)%.

(19) Phase 1: LaNBH-,5 90.0(5)%,Cmcm a = 10.74979(16) Ap = (22) Malik, S. K.; Dhar, S. K.; Vijayaraghavan, Bull. Mater. Sci.1984
16.1381(3) Ac = 7.63906(13) AV = 1325.23(4) &, Rg = 0.0509, 6, 263-272.
Re = 0.0364,%? = 6.91, R, = 0.0687,Ryp = 0.0939, number of (23) Sologub, O. L.; Hester, J. R.; Salamakha, P. S.; Leroy, E.; Godart, C.
independent reflections= 2061, number of effective reflections J. Alloys Compd2002 337, 10-17.
(accounting resolutiony 254. Phase 2: LalisBsH-2, 6.4(3)%. Phase (24) Cenzual, K.; Chabot, B.; PaftHe. Acta Crystallogr. C1988 44, 221—
3: LaNisBH-15 3.6(2)%. 226.
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Table 5. Crystal Structure Data of LabBD-.s1sf° (upper lines in italic) and LaNBD-.73f* (lower lines in bold) Refined from Neutron Powder

Diffraction Data&

atom Wyckoff site X y Uso (A2) occupancy
Lal S| 0.2703(10) 0.2712(7) 1/4 0.0105(13)
0.2764(8) 0.2755(6) 0.0169(11)
La2 4 0 0.4504(10) 1/4
0.4543(8)
La3 4 0 0.9693(11) 1/4
0.9744(8)
Nil 16h 0.1188(11) 0.1282(5) 0.0811(8) 0.0084(4)
0.1193(7) 0.1302(4) 0.0816(7) 0.0131(3)
Ni2 16h 0.3719(10) 0.1136(4) 0.0925(8)
0.3675(6) 0.1139(3) 0.0900(7)
Ni3 8f 0 0.2607(6) 0.0216(11)
0.2647(5) 0.0306(8)
Ni4 8e 0.2317(9) 0 0
0.2344(7)
B1 89 0.2393(19) 0.0703(14) 1/4 0.0131(18)
0.2381(14) 0.0682(8) 0.0147(14)
B2 4c 0 0.193(2) 1/4
0.1946(14)
B3 4c 0 0.6696(19) 1/4
0.6599(12)
D1 16h 0.1043(14) 0.3287(8) 0.077(2) 0.040(3) 0.98(3)
0.1090(10) 0.3334(6) 0.0874(18) 0.0324(14) 0.92(3)
D2 1l6nh 0.3149(18) 0.4074(11) 0.103(2) 0.83(3)
0.3216(12) 0.4135(7) 0.0977(17) 0.89(3)
D3 8f 0 0.1793(18) 0.576(3) 0.71(4)
0.1722(10) 0.5764(20) 0.85(3)
D4 8e 0.387(2) 0 0 0.69(4)
0.3847(14) 0.99(3)

aQverall isotropic temperature factors were used for each atom type. All sites, except the deuterium sites, are fully occupied.

Table 6. Selected Interatomic Distances (A) and Angles (deg) in kBN 734 from NPD?

Ni atoms
Nil—Nil 2.570(10) Ni2-Nil 2.687(9) Ni3-2Nil 2.546(10) Ni4-2Nil 2.512(8)
Ni1l—Nil 2.572(7) Ni2-Ni2 2.854(9) Ni3-2Ni2 2.588(8) Ni4-2Ni2 2.426(7)
Nil—Ni2 2.687(9) Ni2-Ni2 2.444(7)
Ni1l—Ni3 2.546(10) Ni2-Ni3 2.588(8)
Nil—Ni4 2.512(8) Ni2-Ni4 2.426(7)
Nil—B1 2.070(13) Ni2-B1 1.994(13) Ni3-B2 2.020(14) Ni4-2B1 2.202(7)
Nil—B2 2.092(13) Ni2-B3 2.019(9) Ni3-B3 2.463(12)
Nil—D2 1.665(14) Ni2-D1 1.618(14) Ni3-2D1 1.670(12) Ni4-2D2 1.690(12)
Ni1l—D3 1.888(13) Ni2-D4 1.966(5) Ni3-D3 1.698(18) Ni4-D4 1.619(17)
D2—-Ni1l—-D3 83.4(9) DENi2—D4 100.4(7) DENi3—D1 89.3(9) D2-Ni4—D2 138.1(12)
D1-Ni3—D3 134.8(14) D2-Ni4—D4 110.9(12)
B atoms
B1—2Nil 2.070(13) B2-4Nil 2.092(13) B3-4Ni2 2.019(9)
B1—2Ni2 1.994(13) B2-2Ni3 2.020(14) B3-2Ni3 2.463(12)
B1-2Ni4 2.202(7)
D atoms
Dl-Lal 2.379(14) D2Lal 2.553(15) D3-2Lal 2.875(12) D42La2 2.393(9)
D1-La2 2.589(15) D2La3 2.450(14) D3La3 2.70(2)
D1—-Ni2 1.618(14) D2-Nil 1.665(14) D3-2Nil 1.888(13) D4-2Ni2 1.966(5)
D1-Ni3 1.670(12) D2-Ni4 1.690(12) D3-Ni3 1.698(18) D4-Ni4 1.619(17)
Ni2—D1—Ni3 103.8(8) Nit-D2—Ni4 96.9(8) Nil-D3—Nil 85.8(7) Ni2-D4—Ni2 169.2(5)
Nil—D3—Ni3 90.4(9) Ni2-D4—Ni4 84.6(7)

a Coordination spheres are limited to 3.0 A for Ni atoms and to first nearest neighbors for B and D atoms.

coordination is the most common among intermetallic boride
structureg8?’” Lanthanum is coordinated by a distorted
hexagonal prism of nickel atoms; two of the,Maces are
capped by boron atoms. The La atoms are situated in

Other known boron deficient derivatives of the CegBg
type structure are hexagonal LiBtand NaPB:.x and
orthorhombic NgPtBs.2> As shown in Figures 6 and 7, the
boron atoms in LaNB are coordinated by a strongly
deformed trigonal prism of Ni atoms at bond distances of
B—Ni1 = 2.03 A and B-Ni2 = 2.08 A with two side faces
capped by La atoms at 2.98 A (Table 3). This type of

(26) Rogl, P. InModern Perspecties in Inorganic Crystal Chemistry
Parthe E., Ed.; NATO ASI Series; Kluwer: Norwell, MA, 1992; pp
267-278.

(27) KuZma, Yu. B.Crystal Chemistry of Boride§n Russian); Vyshcha
Shkola Press: Lvov, Ukraine, 1983.

(25) Mirgel, R.; Jung, WJ. Less-Common Me1988 144, 87—99.
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21000 the expected value (2). The fact that this peak disappears in

o | the hydride (deuteride) could be related to a reduction of

o E oxygen by hydrogen. Another possible interpretation of the

F X peak as a nonnuclear electron density maximum resulting

from La—La interactions, especially in view of the recent

discovery of Ta-Ta three-center bonds in ScTaM should

lead to an electron density with a much smaller magnitude.
Hydrogenation Properties.LaNisB is capable of absorb-

Al & ing hydrogen near ambient conditions. As can be seen in

T T e mssp—— Figure 1, the equilibrium pressure of the hydride phase {-aNi

e S I (N T T T T g e T e . . .
O R T O N T TR AT R R AR R BH, measured during the first cycle of hydrogenation (48

290 Exrse A it b s h) is not well characterized and is estimated to be around 4
0 * » ” ° e 20, deg.” bar at 25°C. The hydrogen content was estimated after the
Figure 5. Observed (points), calculated (line), and difference (bottom line) first cycle of hydrogenation to be 2.4 H/f.u. The more or
NPD patterns for the LaMBD2sy(s5 4 = 1.493814(19) A. Vertical bars  |ess continuous increase in the decomposition pressure at
indicate the Bragg positions of the contributing phaSes. higher H contents is presumably a result of the relatively
large homogeneity range of the hydride phase (see below).
Upon further cycling (data not shown), the equilibrium
pressure decreases well below 1 bar even at elevated
temperatures. In fact, attempts to desorb the sample at room
temperature by pumping it down to a pressure oflifar

Intensity, counts

15000 |-

23000 |-

1000 F
9000 F

7000

distorted hexagonal arrays of nickel prisms of which only
half are filled by boron. Compared to the hexagonal
CeCaB,-type structure, in which all of the transition metal
prisms are filled by boron, the La atoms in LaBimove

away from the center of the nickel prism arrays toward the did not result in a noticeable hydrogen loss during a period

empty Ni prisms; this alters those filled by boron atoms along of 24 h. Only desorption at 10(C leads to a complete loss

b (see Figure 6a). This presumably causes the orthorhombic - .
distortion of the structure. Nickel is either 11-fold (Ni1, [ka of hydrogen within 1.5 h. The second cycle of hydrogenation

NisB,]) or 10-fold (Ni2, [LaNisB5]) coordinated. Interest- showed much faster kinetics while requiring a lower pres-

. . i . sure: a weight increase of 0.76% corresponding~t5
ingly, one of the sites (Ni2) shows a pronounced anisotropy H/f . was achieved within 30 min at 2% and 1 bar of
of its thermal displacements (Figure 7a) that preludes a site-, ™~

symmetry reduction in the hydride structure (see below). As hy_lqrogetp. te th . hvd tent lected
can be seen in Table 4, the MEM results are consistent with 0 estimate the maximum hydrogen content, we coflecte
nearly neutral nickel and boron and cationic lanthanum. a set of consecutive XRD patterns for one of the deuteride

The X electron densit Kis situated within th N samples immediately after opening the autoclave (100 bar,
_'ne A electron density peak 1S situated within the emply: days at room temperature). The observed volume expansion
Ni prisms, but it is unlikely to represent a (partially occupied) was+13.5% after 1 h+13.2% after 7 h+13.0% after 15

borog' at?m poISItrllor; for tdhet fot”%\'\;".]g retl';\sbgns. F'.rjt’ Ittr? h, and+11.8% after two weeks of the sample standing in
coordination polyhedron (distorted trigonal bipyramid wi air. Extrapolating these values to the moment at which the

three bas?jl tLihar:d two”ap|t():al Ni gtfoms, Tab_le_3t) doe? lrll_Ot autoclave was opened yielded a likely upper H content close
correspond to that usually observed for boron In INtermetallic ., qiqichiometric composition LakhBHs3 (0.92 wt % hydro-

) . )
t2305r|6dz structureﬁ ' iecton(t:lr,] t?t?w Li; ((jj_lsttances (2.37 arlnd gen). The experimentally measured hydrogen capacity is in
. ) are much shorter that the istances commonly . range 0.70.84 wt %.

found in intermetallic borides<(3.0 A) and even shorter than Hydrogen-Induced Cell Expansion and Symmetry
those in the lanthanum bromide carbide borideBrs{CBC) Change. Hydrogenation of LaNB induces a symmetry

(La—B = 2.64(2) A)?® Third, if the X site were partially
i : e change fromlmma to Bmmb (nonstandard space group
occupied by boron, the resulting overall composition . o :
(LaNisB: ) would by far exceed the uncertainty of the setting). At the transition, the structure expands indahd
ex ersimlé7ntal com gsition (LapB) which was cor¥[rolled plane by~8% and contracts along tiwaxis ( in standard
P P Cmcn) by ~3%. In-situ X-ray measurements (data not

. X 0 .
during the _alloy prepz_aratlon at a level ofl at. % B. F|_nall_y, shown) revealed that the contraction continues after the
no scattering intensity was detected on the X site in the o oo . .

transition within the solid solution range LajBH, as x

hydride (deuteride) structure as determined by single-crystal increases from 2.5 to 3. A contraction of that magnitude is
XRD (on the same crystal) and synchrotron and neutron :
. . : o . unusual in metathydrogen systems. The largest cell con-
powder diffraction which leads to the stoichiometric com- . : :
- : . . . - traction known, so far, is that in the basal plane of the
position LaNgB for the metallic matrix. A more likely origin

for the X peak in the alloy is contamination by oxygen during hexagonal RNilnBss (R = La—Nd) with a Zer_AI-type
L7 metal substructure (up to 4%) whose symmetry is preserved
the long-term annealing in the quartz ampule at 800In

during hydrogenatiof: For the LaNiB—H, system, the cell
fact, a bond-valence sum calculafidifor an oxygen atom , .
R ) ... contraction correlates with the rearrangement of the lantha-
at this site yields a value of 1.81, in good agreement with

(30) Niewa, R.; Zherebtsov, D. A.; Schnelle, W.; Wagner, F.rg.

(28) Mattausch, H.; Simon, A.; Felser, C.; DronskowskiARgew. Chem., Chem.2004 43, 6188-6194.
Int. Ed. Engl.1996 35, 1685-1687. (31) Vajeeston, P.; Ravindran, P.; Fjellvag, H.; KjekshusPAys. Re. B
(29) Brese, N. E.; O'Keeffe, MActa Crystallogr. B1991, 47, 192-197. 2004 70, 014107.
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L&

Figure 6. Tiling of the boron-centered Ni prisms (viewed along the prism axes) in (a)J#Baahd (b) LaN(BH~2 7. Prisms and lanthanum atoms marked
in light and dark are 1/2 apart along the eye’s view. Rearrangement of the La atoms within the channels upon hydrogenation entails uniaxiaitz®il contra
along thec axis ( in the hydride). Anisotropic thermal ellipsoids drawn at (a) 95% and (b) 50% probability levels (single-crystal XRD).

a)

B2 BIB |

b

T—»c <
Figure 7. Structures of (a) LaNB and (b) LaNiBH-.» 7 viewed along the axis(i.e., perpendicular to the view direction in Figure 6). Thermal ellipsoids
in the alloy structure predict the site symmetry lowering observed in the structure of the hydride.

num atoms in the channels of a nickdédoron framework num atoms. The bicapped prismatic {Mi,] boron atom
(compare panels a and b of Figure 6). coordination in the alloy (BLa = 2.98 A) splits into

The LaNgB — LaNisBH, structure transition can be monocapped [NLa] (B1), uncapped [Nj (B2), and bi-
described by the groupsubgroup chaitmma— [2] Pmmb  capped prismatic [NLag] (B3) in the hydride (i.e., some
— [2] Bmmb(a = 2a, ¢ = 2c; for the standard setting, La atoms (Lal, La2) leave the coordination sphere during
Cmcm b and ¢ need to be interchanged). Although the hydrogenation). Concomitantly, two nickel atoms of each
intermediate space groupmmb did not manifest itself ~ La-capped Njprism have moved away from the B atoms at
experimentally, it is the only one possible according to the the center, thus increasing the-Bli bond lengths (Table
group—subgroup analysis. The symmetry reductioma— 3). These atoms (Ni3, Ni4) correspond to those in the alloy
Cmcmleads to a quadruple cell and a splitting of Wyckoff that show elongated thermal ellipsoids pointing into their
positions (see Table 2): La and B sites are split into three shift direction during the hydrogenation-induced phase

sites each (@— one & and two 4), the two Ni sites are  transition (see Ni2 in Figure 7a). Similar thermal displace-
split into two sites each (B— two 16h; 4a — one § and ment anisotropies correlating with the directions of the atomic

one &). shifts during composition-inducé&br temperature-inducéd

To our knowledge, this is the first example of a hydrogen- structure transitions are known from other groups of com-
induced structure transition characterized on the same singlg®ounds. _ _
crystal. Crystal fragmentation, twinning as a result of crack 1 h€ deuterium atom arrangement is nearly ordered and
formation, is often inevitable when anisotropic or consider- €Onsists of four almost fully occupied D sites with the
able isotropic cell expansion occurs. In the present study, following metal atom environments: deformed tetrahedral

the use of an image-plate detector in the diffraction experi- L@Niz (D1, D2), trigonal prismatic LeNiz (D3; short Ni-
ment was essential because it allowed us to rapidly collectD: 1.70-1.89 A, and long L&D, 2.70-2.88 A, distances),
data on a crystal that desorbed hydrogen and at the saménd trigonal bipyramidal Liis (D4; base 2Lat- Ni, apexes
time detect crystal twinning and properly process it. High- 2Ni). The mgtal—deutenum distances are'llsted in Table 6.
resolution synchrotron powder diffraction on alloy and Lanthanum is connected by D1 and D2 intba2—2D1~

hydride samples confirmed the observed structure transition,-:@1~2D2—La3— chains extending along tha axis and
resulting in a single-crystal-like quality for the structural Cconnected by D4 (La2D4 = 2.39 A) along thes axis. Each
parameters derived by Rietveld refinement. Ni atom has two boron ligands and either two (Nil, Ni2) or

Structure of LaNi3BD~, 7 Apart from symmetry and cell ~ (32) Yashima, M.; Hirose, T.; Katano, S.; Suzuki, Y.; Kakihana, M.;

. o : Yoshimura, M.Phys. Re. B 1995 51, 8018-8025.
expansion, the most Stl’lklng Change in the metal host (33) Troyanov, S. |.; Kosterina, E. V.; Loose, A.; Reehuis, M.; Kemnitz,

structure concerns the arrangement of the boron and lantha- ~ E. Z. Kristallogr. 2003 218, 470-474.

Inorganic Chemistry, Vol. 44, No. 12, 2005 4405



Figure 8. Two-dimensional framework of nickeldeuterium bonds in
LaNisBD-~,7 The Ni3 and Ni4 atoms have trigonal-planar coordination by
D atoms (Ni-D 1.62-1.70 A, D-Ni—D 89-138’), while Nil and Ni2
have a 2-fold (Ni-D 1.62—1.97 A, D-Ni—D 83—10C°) D atom environ-
ment.

three (Ni3, Ni4) deuterium ligands that form the following
configurations: a cisquare BD, for Nil, a strongly
distorted BD, tetrahedron for Ni2, an asymmetric trigonal
bipyramid BDs (three basal D atoms at 1.67.70 A and
two apical B atoms at 2.02 and 2.46 A) for Ni3, and a
symmetric trigonal bipyramid #; (three basal D atoms at
1.62-1.69 A and two equidistant B atoms in apical positions
at 2.20 A) for Ni4.

Ni—D Bonding and Boron-Induced D Atom Ordering.
From a bonding point of view, a more satisfactory description
of the D atom distribution is in terms of a quasi two-
dimensional puckered [NiD] framework running parallel
to thea—b plane (see Figure 8). Adjacent frameworks along

Filinchuk and Yvon

Table 7. Bond-Valence Sums for Deuterium Atoms in the LgBD, 7
Structure (single-bond distances used:—Ni1.40 A, La—H 2.06 Ay®

D1-Ni 1.04 Dl-La 066 LakrD 159 NiI-D 0.76
D2—-Ni 095 D2-La 061 LazD 258 Ni2=D 0.77
D3—-Ni 098 D3-La 040 La3D 175 Ni3-D 141
D4—Ni 0.99 D4-La 0381 Ni4-D 1.47

Ni4. Thus, boron can be considered to be a competitor for
deuterium in their interactions with lanthanum and nickel.
Like LaNisBH,,>" the La—B planes in LaNiBD..,7 do not
accommodate deuterium. The-B and D-D interactions
appear to be repulsive: the shortestB and D-D contacts

are 2.52 and 2.33 A, respectively, and the B distances

are greater than 3 A. All of these observations suggest that
the boron atoms, while being firmly fixed in the metallic
structure, produce repulsive-B interactions that tend to
localize the hydrogen atoms in the structure and block
hydrogen diffusior?:” This is further supported by the fact
that none of the interstitials, geometrically suitable for
hydrogen occupation but possessing a boron atom in its
environment, are actually filled by hydrogen. Attempts to
predict hydrogen site occupancies on purely geometrical
grounds, such as by Westlake’s criteria (minimum hole size
0.4 A, H—H distance>2.1 A)3* were unsuccessful. An
illustrative example of this failure is provided by thegNi
prisms that are not occupied by boron. In the alloy structure,
and according to the above criteria, these prisms and their
surrounding lanthanum atoms form voids that are big enough
to accommodate one hydrogen atom but not two hydrogen
atoms as was observed experimentally. The presence of a
second hydrogen atom in this void is, of course, a result of
the relaxation of the metal atoms (La, Ni) during hydrogena-

thec axis are Separated by p|anes of La and B atoms (Figuretion. C|eal’|y, the direction and magnitude of these relaxations

7) and are connected via short NiRli2 contacts (2.44 A).
There is no D-Ni—D bridge between adjacent frameworks
alongc. Deuterium in the [NiD} framework forms 3¢ 2e
and 4c¢-2e bonds corresponding to the limiting ionic formula
La3"B[Ni3sDs]®~ for the fully deuterided state. From this

and the resulting superstructure of the hydride cannot be
predicted from the alloy structure on purely geometrical
grounds. They suggest the influence of other factors, such
as boron-induced hydrogen ordering from repulsive beron
hydrogen interactions, and the tendency to form a covalently

formulation, one expects nickel to have a nearly closed-shell bonded nickethydrogen framework.
3d%electron configuration and hydrogen to act as an electron Acknowledgment. This work was supported by the Swiss

sink forming the previously free conduction electrons into
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bond-valence sums are considerably smaller (Table 7). The Supporting Information Available: Structural data as cif files,

calculations also reveal the competition between deuterium

table with MEM results for the LaNB crystal, and a drawing of

and boron in the structure. As can be seen from Tables 6Fhe residual electron density reconstructed with MEM. This material

and 7, lanthanum shows either relatively large-ICabond-
valence sums and relatively long £8 distances for La2
or the inverse for Lal and La3, while nickel shows either
relatively small Ni-D bond-valence sums and relatively short
Ni—B distances for Nil and Ni2 or the inverse for Ni3 and
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